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Abstract

:

In animals, malectin is well known to play an essential role in endoplasmic reticulum quality control (ERQC) by interacting with ribophorin I, one unit of the oligosaccharyltransferase (OST) complex. However, the functions of malectin in plants remain largely unknown. Here, we demonstrate the rice OsMLD1 is an ER- and Golgi-associated malectin protein and physically interacts with rice homolog of ribophorin I (OsRpn1), and its disruption leads to spontaneous lesion mimic lesions, enhanced disease resistance, and prolonged ER stress. In addition, there are many more N-glycosites and N-glycoproteins identified from the mld1 mutant than wildtype. Furthermore, OsSERK1 and OsSERK2, which have more N-glycosites in mld1, were demonstrated to interact with OsMLD1. OsMLD1 can suppress OsSERK1- or OsSERK2-induced cell death. Thus, OsMLD1 may play a similar role to its mammalian homologs in glycoprotein quality control, thereby regulating cell death and immunity of rice, which uncovers the function of malectin in plants.






Keywords:


cell death; disease resistance; ER quality control; Oryza sativa; malectin; ribophorin I; OsSERK1; OsSERK2












1. Introduction


Plant programmed cell death (PCD) is a conserved pathway that is involved in multiple biological processes such as defense, development, and the stress response. The invasion of biotrophic or hemibiotrophic pathogens in plants can elicit pathogen-triggered PCD (pPCD), triggering a hypersensitive response (HR) at the site of the attempted attack [1]. In order to protect themselves from biotic stress, plants employed HR as a defense mechanism that usually is accompanied by the generation of reactive oxygen species (ROS), upregulation of pathogenesis-related (PR) proteins, accumulation of callose, and thickening of cell walls at the infection sites [2].



Lesion mimic mutants (LMMs), also called spotted leaf (spl) mutants, are considered as suitable materials for elucidating the mechanisms underlying plant responses to pathogen attacks and environmental stresses. LMMs exhibit spontaneous cell death similar to that caused by HR in the absence of pathogen infection, abiotic stress, or mechanical damage. In many cases, LMMs exhibit significantly enhanced disease resistance. To date, dozens of genes have been characterized from rice LMMs. The proteins contributing to the characteristics of LMMs are very diverse, such as transcription factors [3], oxidoreductases, ubiquitinations [4], zinc finger proteins [5], membrane-associated proteins [6], clathrin-associated adaptor proteins [7], ion channel proteins [8], nucleotide-binding site–leucine-rich repeat (NLR) proteins [9], mRNA splicing factors [10], porphyrin [11], protein kinases [12], UDP-N-acetylglucosamine pyrophosphorylase [13], AAA-type ATPase [14], eEF1A-like protein [15], eukaryotic release factor 1 protein [16], receptor-like kinases [17,18], CUE domain protein [19], ATP-citrate lyase [20], hydroperoxide lyase [21], and glycine-rich domain protein [22]. Such functional diverse proteins suggest complicated molecular mechanisms regulating defense responses in plants.



The endoplasmic reticulum (ER) is an organelle that plays a critical role in protein synthesis, folding, modification, and secretion. To maintain protein homeostasis inside the ER, plant cells are equipped with ER quality control (ERQC) to cope with increased amounts of unfolded or misfolded proteins. When organisms are subjected to biotic or abiotic stress, the levels of misfolded proteins may overwhelm the capacity of the ERQC system, resulting in ER stress [23,24,25]. To avoid such serious consequences, cells activate several processes within the unfolded protein response (UPR) to restore protein homeostasis within the ER, either through the enhancement of protein folding and degradation competence or by alleviating the demands for such reactions [25]. The UPR is, therefore, supposed to ensure cell survival. However, under severe or prolonged ER stress, an apoptosis-like programed cell death (ER-CD) is activated in mammalian cells to eliminate damaged cells from stressed organisms [26,27]. In plants, induction of UPR with tunicamycin treatment is followed by cell death [28,29,30]. Such an ER-induced PCD also occurred in plants attacked by pathogens, and this ER-induced PCD can be deployed by some microbes to establish colonization or infection [31,32,33].



In plants, there are at least two UPR pathways. One is mediated by IRE1–bZIP60 and the other is mediated by bZIP28 [34]. Previous studies showed that adapting ER folding capacity and UPR regulation play important roles in plant immunity. For example, the Arabidopsis pattern-recognition receptor EFR requires the ERQC complex SDF2–ERdj3B–BiP for proper processing [35,36]. Meanwhile, functions of a number of membrane-localized immune receptors depend on ERQC, including rice PRR XA21 [37,38], an induced receptor kinase (IRK) of tobacco [39], and glycosylated Cf proteins of tomato [40]. In addition, the IRE1–bZIP60 branch is crucial for inducing systemic acquired resistance (SAR) against bacterial pathogens and abiotic stress tolerance [41]. A membrane-associated transcription factor NAC089 has been reported to control ER stress-induced programmed cell death in plants. NAC089 is upregulated by ER stress, which is directly controlled by bZIP28 and bZIP60 [42].



The majority of ER-targeted proteins are N-glycosylated [43]. N-Glycosylation plays versatile roles during protein folding. N-Glycosylation refers to the cotranslational and post-translational covalent attachment of an oligosaccharide (Glc3–Man9–GlcNAc2 in eukaryotes) in the N–X–S/T context (where X is not Pro) [44]. After attachment of the oligosaccharide (glycan) to a protein in the ER, it can be further modified in the secretory pathway. In animals, the glycoprotein can interact with the lectin malectin, a membrane-associated ER-resident protein that specifically recognizes di-glycosylated glycans [45]. This protein plays a role in the quality control of glycoproteins by forming a complex with ribophorin I for enhanced association with misfolded glycoproteins [46,47]. Ribophorin I is an ER-resident transmembrane protein that serves as a subunit of the mammalian OST complex and acts as a substrate-specific facilitator of N-glycosylation [48]. However, if and how the malectin participates in N-glycoprotein equality control in plants is still unknown. CrRLK1L members, known as malectin receptor-like kinases (MRLKs), were first discovered in Catharanthus roseus [49]. In Arabidopsis, members of the CrRLK1L subfamily each contain an extracellular malectin/malectin-like domain (MLD), a transmembrane domain, and a cytoplasmic kinase domain. The malectin domain sequences identified family members in the A. thaliana proteome have a single malectin domain or tandem malectin domains in the ECDs of protein kinases [50]. Studies have demonstrated that M/MLD-RLKs are crucial for plant growth and survival and regulate diverse processes, including pollen tube reception and tip growth, cell-wall integrity sensing, and hormonal responses. More importantly, mounting evidence has indicated a vital role for MLRs in plant immunity recently [51,52]. However, they are not thought to be involved in N-glycosylation owing to their plasma membrane localization and the weak conservation of residues mediating the interaction with glucose residues in the original malectin [53]. More recently, a tomato malectin (referred to as malectin-like domain protein, SlRLK-like, in the original publication), was shown to affect the localization and abundance of the LeEIX2 receptor, resulting in the suppression of EIX-induced immune responses in tomato [54]. Moreover, recent research has revealed that the MLD of the MLD-containing receptor IOS1 retains IOS1 in the ER of plant cells and attenuates the infection-induced UPR in Arabidopsis thaliana [55].



Here, we uncover the function of the malectin protein OsMLD1, which is associated with the ER and Golgi. Disruption of OsMLD1 resulted in prolonged ER stress, activation of UPR, and enhanced disease resistance. OsMLD1 physically interacts with the rice homolog of ribophorin I, OsRpn1, indicating that OsMLD1 functions as a unit of the OST complex. N-Glycoproteome analysis showed there are many more N-glycosites and N-glycoproteins in the mld1 mutant than in wildtype, suggesting that OsMLD1 plays a role in protein glycosylation modification. Furthermore, two different glycosylated proteins, OsSERK1 and OsSERK2, were demonstrated to interact with OsMLD1. Overexpression of OsSERK1 and OsSERK2 in the protoplast of the mld1 mutant could induce more severe cell death than in the WT. Furthermore, co-expression with OsMLD1 could suppress OsSERK1- or OsSERK2-induced cell death in tobacco cells. Therefore, the OsMLD1 may be involved in the control of glycosylated proteins by interacting with OsRpn1, and it is an important regulator of ER-stress induced cell death.




2. Results


2.1. The mld1 Mutant Exhibits Lesion Mimic Phenotypes Accompanied by Enhanced Disease Resistance


The mld1 mutant with spontaneous spotted leaf was identified from the T-DNA inserted Geng (japonica) rice cv. Aichiasahi lines. Under normal field growth conditions (long day), the mutant mld1 leaves were not significantly different from those of the WT before the booting stage. By contrast, mld1 initially exhibited brown necrotic spots on the leaf apex of the top second leaves approximately 90 days post sowing, with these HR-like lesions becoming much more severe and gradually spreading throughout the leaves (Figure 1a,b). PCD is usually accompanied by the accumulation of intracellular reactive oxygen species (ROS) [13,22,56,57,58,59]. To identify the possible biochemical mechanisms underlying the development of the lesion mimic in mld1, we investigated the expression of histochemical markers for H2O2 and cell death. After 3,3′-diaminobenzidine (DAB) staining, the mld1 mutant was stained with brown polymer deposition, while the WT leaf had no brown spots (Figure 1c), indicating that the accumulation of a large amount of H2O2 had occurred in the mld1 leaves. Additionally, similar results were obtained when nitro blue tetrazolium (NBT) staining was used as an indicator of O2− accumulation (Figure 1d). Most rice lesion mimic mutants confer enhanced resistance to pathogens [18,22,58,59]. To evaluate the disease resistance of mld1, the detached leaves of 1 month old plants of the WT and mld1 mutant were punch-inoculated with Magnaporthe oryzae isolate H535. At 5 days post inoculation, the disease lesions on the mld1 leaves were far less common than on the WT (Figure 1e,f). When the 2 month old plants were inoculated with the Xanthomonas oryzae pv. oryzae isolate PXO99, the lesions on the mld1 leaves were much shorter than those on the WT plants at 2 weeks post inoculation (Figure 1g,h). These results indicated that the mld1 mutant exhibited significantly enhanced resistance to both M. oryzae and Xoo. Consistent with enhanced disease resistance, RT-qPCR analysis showed that the expression levels of eight pathogenesis-related or defense-related genes, namely, OsPR1a, OsPR1b, OsPR3, OsPR5, OsPR8, OsPR10, OsWRKY45, and OsWRKY62, were significantly elevated in mld1 (Figure 1i). These results suggest that mld1 confers enhanced disease resistance accompanied with the activation of disease-resistant signaling pathways. Additionally, the mld1 plants showed evident retardation in several agronomic traits compared with the WT plants, including reduced plant height, increased grain length, and a lower 1000-grain weight (Figure S1). The mld1 plants also showed accelerated senescence accompanied by a reduced chlorophyll content in the flag leaves, as indicated by the SPAD value and upregulation of several senescence-associated genes (Figure S2).




2.2. Disruption of OsMLD1 Leads to the Phenotypes of the mld1 Mutant


Genetic analysis showed that the mld1 mutation was conferred by a recessive allele and was tightly linked to the T-DNA insertion (Table S1). Next, we performed SiteFinding TAIL-PCR to clone the sequence flanking the T-DNA. BLAST analysis revealed that the T-DNA was integrated into chromosome 3, which was further confirmed by specific PCR using primer sets flanking the insertion site and/or T-DNA borders. According to the prediction from the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/, accessed on 25 September 2018), the insertion site is located 2672 bp downstream of the translation termination site of candidate gene 1 (G1, LOC_Os03g03290) and 1347 bp downstream of the translation termination site of candidate gene 2 (G2, LOC_Os03g03300) (Figure S3a,b). To determine whether the T-DNA insertion caused any change in the expression level of both candidate genes, semiquantitative RT-PCR and RT-qPCR analyses showed that the expression level of G1 in mld1 was dramatically lower than that in the WT, while the expression of G2 demonstrated no detectable difference between the WT and mld1 (Figure S3c,d), suggesting that the mld1 mutation was associated with the disruption of G1, which was renamed OsMLD1. RT-qPCR analysis showed that the OsMLD1 was expressed in all organs at different developmental stages, with the strongest expression detected in the panicles (Figure S3e). To determine whether the downregulation of OsMLD1 was indeed associated with the mld1 mutant phenotype, we generated knockout and overexpression plants of OsMLD1 (Figure S4). The knockout plants (KN) exhibited cell death that was even more severe than that of mld1, while the overexpression plants (OE) had the same phenotype as the WT (Figure S4g). The KN plants also showed enhanced resistance to M. oryzae and elevated expression of pathogenesis-related genes (Figure S5). These results confirmed that the mutation of OsMILD1 led to the phenotypes in the mld1 mutant.




2.3. OsMLD1 Encodes a Malectin That Is Associated with the ER and Golgi under Normal Conditions


OsMLD1 encodes a protein that is 466 amino-acid residues in length. Prediction with SMART (http://smart.embl-heidelberg.de/, accessed on 19 October 2018) and InterPro (https://www.ebi.ac.uk/interpro/, accessed on 19 October 2018) showed that OsMLD1 consists of a signal peptide (SP) at the N-terminus, a malectin domain at the center, and a transmembrane domain (TM) at the C-terminus. The structure of the soluble domain of OsMLD1 resembles that of ANX1/2 and FER, which was already shown to feature a tandem malectin domain, as described in detail in [60,61,62], whereas it differs from that of the first identified malectin from Xenopus laevis (accession No. Q6INX3), despite sharing weak conservation of residues (Figure 2a and Figure S3f). In plants, a subfamily of receptor-like kinase proteins identified from several species contain a malectin domain at the N-terminus, playing roles in plant defense response activation [63], while few proteins containing only a malectin domain have been characterized. A search against NCBI using the OsMLD1 sequence as a query identified 34 homologs from different plant species. Phylogenetic analysis showed that OsMLD1 is more closely related to the homologs of monocot plants (Figure 2b), implying similar biological functions. In animals, malectin is mainly localized in the ER under normal conditions [46,64]. To determine the subcellular localization of OsMLD1, MLD1-GFP was transiently co-expressed with mCherry-HDEL, mCherry-Golgi, and mCherry-PM in rice protoplasts. The GFP signals were overlaid with mCherry in the ER, as well as in the Golgi, but not in PM (Figure 2c), suggesting that OsMLD1 is an ER- and Golgi-associated protein. In addition, the above 34 OsMLD1 homologs from different plant spices were also predicted as ER membrane resident proteins, suggesting their similar functions.




2.4. Disruption of OsMLD1 Induces Prolonged ER Stress


Many studies have revealed that prolonged or unresolved ER stress causes PCD [65,66]. Given that the mld1 mutant exhibits a lesion mimic phenotype and OsMILD1 is an ER-localized protein, we reasoned that the disruption of OsMLD1 would induce prolonged ER stress, resulting in PCD. To investigate whether the PCD that occurred in mld1 was related to the disruption of ER stress signaling, we first tested the response of mld1 seedlings to dithiothreitol (DTT), an ER stress stimulus. The result showed that the growth of mld1 seedlings under 2 mM DTT treatment was severely retarded compared to the WT (Figure 3a,b), suggesting that mld1 was more sensitive to ER stress compared to the WT. Secondly, we conducted RT-qPCR analysis and found that the expression levels of several UPR target genes [67], including CNX, CRT-1, CRT-2, bZP60, bZIP39, bZIP28, NEF, ERdj3-like, OsVPE2, and OsVPE3 were significantly upregulated in the mld1 seedlings (Figure 3c and Figure S6). Notably, the expression level of IRE1, which functions as an ER stress sensor, was also upregulated in mld1, further indicating that OsMLD1 is involved in ER stress sensing. In Arabidopsis and rice, the activation of IRE1 by ER stress leads to the nonconventional cytoplasmic splicing of AtbZIP60 [68,69] and OsbZIP50 [67], resulting in the production of bZIP transcription factors that enter the nucleus and activate UPR target genes. Consistent with the upregulation of IRE1, the expression level of bZIP50 was significantly upregulated in the mld1 seedlings (Figure 3c). The form of spliced bZIP50 was detected in the leaves of mld1 and the CRISPR/Cas9-mutated line KN-1 under normal conditions, as well as in the WT under treatment with DTT, whereas only unspliced transcripts of bZIP50 could be detected in the WT under normal conditions (Figure 3d). These results demonstrated that the disruption of OsMLD1 induced IRE1-mediated ER stress and activated UPR signaling in the mld1.




2.5. OsRpn1 Is an ER Localized Protein and Interacts with OsMLD1


In animals, malectin interacts with ribophorin I and participates in ER quality control for glycoproteins [70,71]. Considering that the mld1 mutant displayed phenotypes similar to those under ER stress, we assumed that OsMLD1 interacts with the ribophorin I homolog in rice. Using the amino-acid sequence of Homo sapiens ribophorin I (accession No. AAH10839) as a query, we searched the rice genome and then cloned the highest homolog of the ribophorin I gene from the rice cultivar ‘Aichiasahi’ (OsRpn1, LOC_Os05g23600). Rice OsRpn1 encodes a protein that is 615 aa long, which shares 31.66% amino-acid identity to Homo sapiens RpnI (Figure S7a). Phylogenetic analysis showed that OsRpn1 is conserved in numerous plant species, but is more closely related to the homologs of monocot plants (Figure S7b). Similar to Homo sapiens RpnI, OsRpn1 consists of a signal peptide in the N-terminus, a ribophorin I domain overlaid with a transmembrane region at the center, and a coiled-coli domain in the C-terminus (Figure 4c and Figure S7a). When the OsRpn1-GFP was transiently co-expressed with mCherry-HDEL in rice protoplasts and the epidermal cells of N. benthamiana, the GFP signals were overlaid with mCherry in the ER (Figure 4a), indicating that OsRpn1 is an ER-localized protein. To confirm the hypothesis that OsMLD1 interacts with OsRpn1, a co-immunoprecipitation (Co-IP) assay was performed. We transiently co-expressed OsRpn1-Flag or GFP-Flag (as the negative control) with OsMLD1-HA in rice protoplast and pulled down HA-tagged proteins with anti-HA beads. The OsRpn1-Flag, but not the GFP-Flag, was successfully co-immunoprecipitated with OsMLD1-HA, indicating that OsMLD1 interacts with OsRpn1 (Figure 4b). We also transiently co-expressed OsRpn1-GFP with OsMLD1-Flag or GUS-Flag (as the negative control) in N. benthamiana and pulled down GFP-tagged proteins with anti-GFP beads. Only the MLD1-Flag was successfully co-immunoprecipitated with Rpn1-GFP, further indicating that OsMLD1 interacts with OsRpn1 (Figure S8). A bimolecular fluorescence complementation (BiFC) assay [72] was used to further confirm the interaction in planta. N. benthamiana epidermal cells co-expressing MLD1-eYFPC and OsRpn1-eYFPN showed clear YFP fluorescence. In contrast, no fluorescence was observed when YN:MLD1 was co-transformed with the YC moiety alone (Figure 4c). Furthermore, a firefly luciferase complementation imaging (LCI) system was used to validate the interaction. Using a low-light imaging system, fluorescence signals were detected when MLD1F-CLUC and Rpn1F-NLUC, MLD1C-CLUC and Rpn1F-NLUC, or MLD1C-CLUC and Rpn1C-NLUC were co-expressed in N. benthamiana leaves. No fluorescence signals were detected when MLD1N-CLUC was co-transformed with Rpn1F-NLUC, Rpn1N-NLUC, or Rpn1C-NLUC. Fluorescence signals were also not detected when MLD1C-CLUC was co-transformed with Rpn1N-NLUC, as well as the three negative controls (Figure 4d). These results demonstrate that OsMLD1 interacts with OsRpn1, and the C-termini of both proteins are required for this interaction.




2.6. Disruption of OsMLD1 Affects the N-Glycosylation Process


To determine the difference in the N-glycosylation process in the mld1 mutant and WT, we used a proteomics method based on ConA lectin affinity chromatography enrichment and high-resolution liquid chromatography–tandem mass spectrometry (LC-MS/MS) [73,74]. We obtained 131 and 65 N-glycosites in total, corresponding to 89 and 41 N-glycoprotein groups in the seedlings of mld1 and WT, respectively (Figure 5a,b; Table S2). The peptide length ranged between seven and 41 amino-acid residues (Table S3), consistent with the expected tryptic profile. N-Glycosylated motif enrichment analysis revealed 42.3% N–X–S, 32.4% N–X–T, and 25.6% N–X–X–N (where X represents any amino acid except proline) (Table S4). The glycoproteomics analysis showed there were about three times the number of identified N-glycosites and N-glycoprotein groups from mld1 compared to the WT, implying a major difference in N-glycosylation in the mld1 mutant and the WT. The N-glycosite and N-glycoprotein group overlaps were 16% and 15.1%, respectively (Figure 5a,b). To further investigate the associated biological processes on the basis of the differentially expressed N-glycoproteins, all identified N-glycoprotein groups were subjected to analysis using COGs (Clusters of Orthologous Groups). For biological process, the identified N-glycoproteins from both mld1 and the WT were associated with some metabolic processes, consistent with a previous study [74]. The major differences in N-glycoproteins between mld1 and the WT were also mainly associated with ‘post-translational modification, protein turnover, chaperones, and signal transduction mechanisms’ (Figure 5c; Table S5). Subcellular location analysis showed that the different glycoproteins were mainly located in the chloroplast, plasma membrane, extracellular space, and the nucleus (Figure 5d; Table S6). Taken together, our data suggest that the disruption of OsMLD1 obviously affects the N-glycosylation process, implying that OsMLD1 may play an essential role in backup glycoprotein quality control.




2.7. OsMLD1 Interacts with OsSERK1 or OsSERK2 and Suppresses OsSERK1- or OsSERK2-Induced Cell Death


Among the different glycosylated proteins revealed by N-glycoproteome analysis, two characterized proteins, OsSERK1 and OsSERK2, showed high detectable glycosylation intensity in mld1 but not in the WT (Table S2). We speculated that the glycosylation quality control of the two proteins may be disturbed in mld1; thus, the functions of the two proteins may be affected. To verify this point, firstly, the C-terminal FLAG-tagged OsSERK1 or OsSERK2 was transiently transformed into rice protoplast. Crude proteins were extracted and digested with proteinase Endo H. Western blot analysis with anti-FLAG showed that the glycans were cleaved from both OsERRK1 and OsSERK2 by Endo H (Figure 6a). Consistently, FLAG-tagged OsSERK1 or OsSERK2 transiently expressed in N. benthamiana epidermal cells was also cleaved by Endo H and PNGase F (Figure S9), indicating that both proteins were glycosylated proteins. Secondly, GFP-tagged OsSERK1 or OsSERK2 was transiently co-expressed with mCherry-PM in rice protoplasts. The GFP signals were overlaid with mCherry in the PM (Figure S10), suggesting that both OsSERK1 and OsSERK2 are PM-associated proteins. When Flag-tagged OsSERK1 or OsSERK2 was transiently expressed in protoplast of the WT and mld1 mutant, Western blot analysis showed that amounts of both OsSERK1 and OsSERK2 were significantly reduced in mld1 mutant (Figure 6b), suggesting that disruption of OsMLD1 affected the expression of OsSERK1 and OsSERK2. Thirdly, LCI assays were used to determine the interaction between OsMLD1 and OsSERK1 or OsSERK2. Fluorescence signals were detected when MLD1F-CLUC and NLUC-SERK1 or OsMLD1C-CLUC and NLUC-SERK2 were co-expressed in N. benthamiana leaves (Figure 6c,d). These results indicated that OsMLD1 interacted with OsSERK1 and OsSERK2 in planta. Furthermore, OsSERK1 or OsSERK2 and an empty vector were co-expressed with luciferase in the protoplasts of the WT, mld1, and KN-1 lines. Living cells were measured by fluorescence intensity. In each assay, the protoplasts transformed with only luciferase was used as an indicator of surviving cells. The results showed that both OsSERK1 and OsSERK2 induced cell death in three backgrounds, but cell death in the mld1 mutant and KN-1 line was more severe than that in the WT (Figure 6e). In addition, OsSERK1 or OsSERK2 was co-expressed with GFP only or OsMLD1-GFP in the protoplasts of the mld1, while the luciferase was also co-expressed to measure the live cells by fluorescence intensity. The survival rate of protoplasts co-expressing OsSERK1 or OsSERK2 with OsMLD1-GFP was significantly higher than that of those co-expressing with GFP only (Figure 6f). These results suggested that the disfunction of OsMLD1 led to a defect in suppressing OsSERK1- or OsSERK2-induced cell death. Consistently, transient overexpression of OsSERK1 or OsSERK2 alone in N. benthamiana leaves could induce cell death, as well as BAX. This cell death could be suppressed by co-expression with OsMLD1-GFP, but not with GFP (Figure 6g,h), further indicating that OsMLD1 is involved in suppressing OsSERK1- and OsSERK2-induced cell death.





3. Discussion


3.1. Rice mld1 Represents a Novel Type of LMM That Results from the Disruption of the Malectin Gene


PCD, as a fundamental biological cellular process in eukaryotes, controls cell suicide in a conserved and genetically regulated manner, causing the death of single cell, specific tissues, or whole organs [75,76,77]. The hypersensitive response (HR) is considered a specialized form of PCD and is a defense mechanism that is triggered by pathogens and insects [78]. Extensive insight into the understanding of plant PCD in response to stress originated from the identification of many LMMs that display spontaneous HR-like cell death. LMMs constitute a valuable genetic resource for deciphering the PCD pathway and plant immunity. To date, more than 30 LMM genes have been characterized from rice. These genes encode a wide range of proteins, suggesting that PCD and plant immunity are complex biological processes that encompass many signaling pathways. In this study, we characterized a T-DNA insertion mutant LMM mld1. Under normal field conditions, spontaneous HR-like lesions occurred on the leaf apex of the top second leaves approximately 90 days post sowing, with these HR-like lesions becoming more severe and gradually spreading throughout the leaves. Similar to most characterized LMMs, the mld1 mutant also showed broad-spectrum resistance against fungal and bacterial pathogens, which was accompanied by the upregulation of defense-related genes and ROS burst (Figure 1). In the mld1 mutant, the T-DNA insertion site was located downstream of the translation termination site of the gene OsMLD1, which encodes a malectin protein. The T-DNA insertion led to the significant downregulation of OsMLD1, resulting in defense-related phenotypes. This was supported by the CRISPR/cas9-mutated lines (KN) of OsMLD1, which showed lesion mimic phenotypes and enhanced disease resistance compared to the WT (Figures S4 and S5). Therefore, the mld1 mutant represents a novel LMM that results from the disruption of a malectin gene. Notably, the OsMLD1-KN lines exhibited lesion mimic phenotypes 30 days earlier than the mld1, and the necrosis of the KN lines was more severe than that of the mld1. This may be due to the precise regulation of OsMLD1 expression, providing a clue for manipulating its expression to balance cell death and growth. The mld1 mutant was more sensitive to DTT treatment, accompanied by activation of ER stress sensor gene OsIRE1 and several UPR target genes. Consistent with activation of OsIRE1 and OsbZIP50, the mld1 and its CRISPR/cas9-mutated line produced spliced mRNA of normal conditions, similar to WT plants treated with DTT (Figure 3). These results suggest that the cell death resulting from disruption of OsMLD1 is ER stress-induced, which is mediated by the IRE1–bZIP60 pathway. In addition, the rice genome likely contains only one copy of the OsMLD1 gene, and a large number of plant species have OsMLD1 homologs, implying that malectin may play conserved and important roles in the plant kingdom.




3.2. OsMLD1 Interacts with Ribophorin I, a Unit of the OST Complex, and Participates in Protein N-Glycosylation Modification


Malectin was first identified in X. laevis, but it is also present in other animals and selectively binds carbohydrates for diglucose and high-mannose N-glycans [45]. Under normal conditions, malectin is an ER membrane-localized protein that preferentially associates with misfolded glycoproteins and inhibits their secretion [79]. Malectin forms a stable complex with an ER-resident trans-membrane protein, ribophorin I. The co-expression of malectin and ribophorin I significantly enhanced the association between malectin and a folding-defective protein and reduced its secretion; however, the secretion of WT proteins was not affected [70]. Ribophorin I is a core unit of the OST complex and acts as a substrate-specific facilitator of N-glycosylation, regulating substrate delivery to the OST core [48,80]. Suppression of ribophorin I leads to the movement of malectin from the ER to the Golgi, indicating that the subcellular localization of malectin is closely regulated by the expression level of ribophorin I [64]. Mammalian malectin participates in ER quality control for glycoproteins [46,71]. So far, only a few malectins from plants have been characterized. Here, we demonstrated that rice malectin OsMLD1 is structurally similar to animal malectin and is conserved in many plant species (Figure 2a,b). OsMLD1 is an ER- and Golgi-associated protein in rice protoplasts and tobacco epidermal cells (Figure 2c). The different subcellular localizations between OsMLD1 and its animal counterparts, which are mainly localized in the ER under normal conditions, may contribute to their different biological functions. Similar to animal malectins, OsMLD1 interacts with the ribophorin I homolog OsRpn1 in planta, and the C-termini of both OsMLD1 and OsRpn1 are required for this interaction (Figure 4). We reasoned that this interaction may account for the association with unfolded and/or misfolded proteins to maintain a high level of quality control. This point was supported, at least partially, by the mld1 mutant, which showed greater sensitivity to DTT treatment, while several UPR genes were constitutively upregulated (Figure 3 and Figure S6). Furthermore, using ConA lectin affinity chromatography enrichment and high-resolution LC–MS/MS analysis, we found there are many much N-glycosites and N-glycoproteins in mld1 than in WT (Figure 5), suggesting that the N-glycosylation process was affected by disruption of OsMLD1. These data suggested that the plant malectin, which possibly plays similar roles to its animal homologs, participates in protein N-glycosylation modification and ER quality control.




3.3. OsMLD1-Mediated Protein N-Glycosylation Modification Is Essential for OsSERK1- and OsSERK2-Induced Cell Death


SERKs (somatic embryogenesis receptor-like kinases) are a small group of leucine-rich repeat RLKs that play critical roles in the early events of brassinosteroid (BR) signal transduction [81]. In Arabidopsis, there are five SERK homologs: SERK1–SERK5 [82]. Previous studies demonstrated that the SERK family members SERK3 (also named BAK1) and SERK4 function in immunity by associating with the immune receptors FLS2, EFR, and PEPR1/2 [83]. In addition, BAK1 and SERK4 negatively regulate the plant cell death process [84,85]. BAK1/SERK4-regulated cell death is suppressed by the mutation of STT3a, a protein involved in N-glycosylation modification, suggesting that N-glycosylation and specific ERQC components are essential for activating bak1/serk4 cell death. In addition, a cysteine-rich receptor-like kinase is likely among the client proteins of protein glycosylation involved in BAK1/SERK4-regulated cell death [86]. SERK1 is also involved in immune signaling in transgenic plants expressing the tomato Ve1, a receptor like protein [87]. In rice, several studies suggested that rice SERK proteins are involved in the rice immune response. Nonspecific silencing of the two rice SERK genes and several closely related genes in rice compromises resistance against the fungal pathogen M. oryzae [88]. Silencing of OsSERK2 compromises Xa21-mediated immunity to Xoo, and OsSERK2 is also involved in Xa3- and FLS2-mediated immunity [83]. Conversely, the overexpression of OsSERK2 (referred to as OsSERK1 in the original publication) enhances resistance against M. oryzae [89]. In this study, we found great differences in N-glycosylation between the WT and mld1 mutant. Among the differential N-glycosylated peptides, one represents two of the rice SERK proteins: OsSERK1 and OsSERK2 (Table S2). Further investigation demonstrated that OsMLD1 interacts with both OsSERK1 and OsSERK2 (Figure 6c,d). Transient overexpression of OsSERK1 or OsSERK2 induced cell death in both the WT and the mld1 mutant protoplasts, and the cell death in mld1 was more severe than that in the WT; furthermore, co-expression with OsMLD1 could reduce OsSERK1- or OsSERK2-induced cell death in mld1 protoplasts (Figure 6e,f). Considering that OsSERK1 and OsSERK2 had higher glycosylation intensity in mld1 than in the WT, and amounts of OsSERK1 and OsSERK2 were reduced in the mld1 mutant, we hypothesized that the disruption of OsMLD1 resulted in the accumulation of mis-glycosylation-modified OsSERK1 and OsSERK2, which induced cell death. Consistent with this hypothesis, the transient overexpression OsSERK1 or OsSERK2 induced the cell death of tobacco epidemical cells, and this death could be suppressed by the co-expression of OsMLD1 (Figure 6g,h). These data inferred that OsMLD1-mediated protein N-glycosylation modification is essential for OsSERK1- or OsSERK2-induced cell death. In addition to OsSERK1 and OsSERK2, a dozen differential N-glycosylated proteins were annotated as immune receptor-like kinases, although many of them were not functionally characterized (Table S2), implying there are common mechanisms via which malectin-mediated protein N-glycosylation modification is essential for RLK (RLP)-mediated immunity. Consistently, a recent study showed that a malectin named SlRLK-like affects the localization and abundance of LeEIX2, another receptor-like protein in tomato, resulting in the suppression of EIX-induced immune responses [54].




3.4. A Proposed Working Model for OsMLD1


We propose a simple working model for OsMLD1 (Figure 7), which provides new insight into understanding the crosstalk between N-glycosylation modification and ER stress-induced cell death. According to this model, in the WT, OsMLD1 forms a complex with OsRpn1, a core unit of the OST complex, accounting for the protein’s N-glycosylation modification. In the mld1 mutant, the deformation of the complex of OsMLD1 and OsRpn1 results in perturbed N-glycosylation modification of a large number of proteins, including some RLKs (i.e., OsSERK1 and OsSERK2), leading to prolonged ER stress and, thus, contributing to cell death and immunity.





4. Materials and Methods


4.1. The Plant Materials and Growth Conditions


The rice lesion mimic mutant mld1 was isolated from a T-DNA insertion library of japonica cv. Aichiasahi (wild-type, WT). All materials were conventionally grown in the experimental field of China Agricultural University (Beijing, China) in the standard rice-growing season. The phenotypic status of the lesion mimic was observed and recorded during the growth stage. The agronomic traits were statistically analyzed on the basis of 10 individual plants randomly selected from the WT and mld1 plants, including plant height, tiller number, and 1000-grain weight.



The SPAD values of the leaves were measured as described previously [7,22], with some modifications, from the day of flowering and then every five days thereafter until 30 days in 15 plant replicates. The degree of leaf greenness was measured using a Minolta Chlorophyll Meter SPAD-502 (Minolta Camera Co., Ltd., Osaka, Japan) and was designated as the SPAD value.




4.2. T-DNA Flanking Sequence Isolation


SiteFinding thermal asymmetric interlaced (TAIL)-PCR [90] was used to isolate regions flanking the T-DNA insertion in mld1. The products of SiteFinding TAIL-PCR were sequenced and searched against the rice genome database (http://rice.plantbiology.msu.edu/, accessed on 20 September 2018) to obtain the T-DNA insertion site. Specific primers, R3, L3, L13-1, and L13-2 were used to reconfirm the T-DNA insertion site. The primers and sequences are listed in Table S7.




4.3. RNA Isolation and RT-qPCR Analysis


Total RNA was extracted with an RNA Prep Pure Plant kit (Zomanbio, Beijing, China) following the manufacturer’s instructions. Each RNA sample (1 μg) was reverse-transcribed using the QuantiTect reverse transcription kit (Vazyme, Nanjing, China). The real-time quantitative PCR (RT-qPCR) was performed using an ABI 7500 system (Thermo Fisher Scientific, Waltham, MA, USA) with the SYBR Premix Ex Taq (Genestar, Beijing, China). Leaves of five-leaf-stage WT and mld1 plants were used to detect the expression of OsMLD1 and several defense marker genes. Two-leaf-stage WT seedling leaves, stems, and roots, as well as the adult flag leaves (1 L), top three leaves (2–4 L), young panicles, and stems, were used for tissue-specific expression analysis of OsMLD1, respectively. All of the experiments were performed with three technical replicates and three biological replicates. The OsACTIN gene in rice was used as an internal control. The sequences of all of the primers used in the study are listed in Table S7. Additionally, the primer information of some genes, including senescence-associated genes and PR genes, was obtained from previous studies [19,22].




4.4. Vector Construction and Rice Transformation


Overexpression vectors (pUBI::3FLAG-OsMLD1) were constructed by inserting the corresponding cDNA fragments from cv. ‘Aichiasahi’ into the pCAMBIA1301-UBI vector. pUBI::3FLAG-OsMLD1 contained the full-length coding sequence (CDS) of OsMLD1 (1401 bp). The knockout vector was constructed with the approaches described previously. A 20 bp gene-specific spacer sequence of OsMLD1 was cloned into the vector pOs-sgRNA and then recombined into the CRISPR/Cas9-containing vector [91]. All the constructs were verified by sequencing and were subsequently introduced into rice cv. ‘Aichiasahi’ by Agrobacterium tumefaciens-mediated transformation as described previously [92]. The primers used for building the above constructs are listed in Table S7.




4.5. Histochemical Analysis


Fresh leaves of the WT and mld1 were used in the histochemical assays. The DAB solution (1 mg·mL−1 3,3′-diaminobenzidine (DAB) containing 10 mM MES (pH 6.5)) and NBT solution (0.5 mg·mL−1 nitro blue tetrazolium (NBT) in 10 mM potassium phosphate buffer (pH 7.8)) were used to evaluate the H2O2 accumulation and O2− accumulation, respectively. Staining was performed as previously described [7,22].




4.6. Pathogen Inoculation


The inoculation strains and methods were as described previously [22]. M. oryzae strain H535, virulent to WT, was used to evaluate the resistance of the mld1 plants to blast disease at the four- to five-leaf stages by the punch-inoculation method. Seedling leaves were detached and wound-inoculated with a 10 μL spore suspension (2 × 105 mL−1) supplemented with 0.025% Tween-20. The inoculated leaves were maintained inside the incubation chamber at 28 ± 1 °C with saturated humidity in darkness for 24 h, followed by 12 h light and 12 h dark cycles. The length of the resultant lesions was measured 5 days post inoculation. For bacterial blight inoculation, Xoo strain PXO99 (virulent to WT) was inoculated onto the healthy flag leaves of the 8–9 week old plants using the scissor-dipping method. Scissors were dipped into the bacterial suspension (OD 0.8 in 10 mM MgCl2) and then used to remove the top 3 cm of the leaves. Lesion lengths were measured 2 weeks post inoculation.




4.7. Phylogenetic Tree


Phylogenetic analysis of OsMLD1 and OsRpn1 was performed using sequences of their homologous sequences from monocotyledons and dicotyledons. Amino-acid sequences homologous to OsMLD1 and OsRpn1 were downloaded from the National Center for Biotechnology Information website (http://blast.ncbi.nlm.nih.gov/, accessed on 22 April 2021). A maximum likelihood phylogenetic tree was generated with MEGA X (version 10.0.5) Analysis software using the following pipeline: bootstrap support values from 1000 pseudo-replicates of the dataset are provided as percentages at the corresponding nodes when >50% [93].




4.8. Subcellular Localization


The CDSs of OsMLD1, OsRpn1, OsSERK1, and OsSERK2 were amplified and inserted into the pCG1301 vector to fuse in-frame with the green fluorescent protein (GFP) coding sequence, generating the 35S:OsMLD1-GFP, 35S:OsRpn1-GFP, 35S:OsSERK1-GFP, and 35S:OsSERK2-GFP fusion constructs. The expression constructs, together with mCherry-tagged organelle markers [94], were co-introduced into rice protoplasts as described previously [22]. The transformed cells were observed and photographed 16 h after infiltration through a confocal microscope (Leica TCS SP8). The transient expression construct and mCherry-tagged organelle markers were also transformed into N. benthamiana leaves mediated by A. tumefaciens. Fluorescence signals (green or red) were examined and photographed 48 h after infiltration.




4.9. DTT Treatment


Seeds of the WT and mld1 were germinated in water for 3 days and then transferred to half-strength liquid Murashige Skoog (MS) medium. The developing seeds were treated by adding 2 mM DTT at 10 days after cultivation, and samples were taken after 4 hours to extract the total RNA for RT-qPCR. The primer sequences were obtained from a previous study [67,95] and are listed in Table S7. The lengths of the shoots and roots of the rice plants were calculated by ImageJ (version 1.8.0) as described previously [96] after culturing for 7 days. Equal volumes of water were added as negative controls.




4.10. BiFC and LCI Assays


For the BiFC assay, the CDSs of OsMLD1 and OsRpn1 were cloned into the p35S-SPYCE (eYFP) and p35S-SPYNE (eYFP) vectors to construct the MLD1-eYFPC fusion and the OsRpn1-eYFPN fusion, respectively. BiFC was performed in N. benthamiana leaf epidermal cells as described for subcellular localization. The eYFP signals were observed 48 h after infiltration with a laser confocal scanning microscope (Zeiss LSM 800). The primers used are listed in Table S7.



For the LCI assay, the CDS of MLD1 was cloned into pCAMBIA-35S-Cluc to produce the MLD1-CLUC fusion, while the CDSs of OsRpn1, OsSERK1, and OsSERK2 were cloned into pCAMBIA-35S-Nluc to generate the Rpn1-NLUC, SERK1-NLUC, and SERK2-NLUC fusions, respectively. The LCI assay was performed in N. benthamiana leaf epidermal cells. The LUC activities were visualized 48 h post infiltration using a Tanon-5200 Chemiluminescent Imaging System (Tanon Science and Technology, Shanghai, China).




4.11. Co-Immunoprecipitation and SDS-PAGE Analyses


For the Co-IP assay performed in rice protoplasts, the CDSs of OsMLD1 and OsRpn1 were cloned into the PUC-HA and PUC-FLAG vector construct to produce the 35S:MLD1-HA fusion and 35S:Rpn1-FLAG fusion. GFP-FLAG was used as a negative control. The expression constructs were co-introduced into rice protoplasts and incubated in the incubator 28 °C for 16 h. Total protein was extracted with 1 mL of lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and 1× complete protease inhibitor cocktail (Roche)). The extract was centrifuged at 12,000× g for 20 min at 4 °C after incubating on ice for 1 h. The supernatants (50 µL) were saved for further analysis (input fraction). Different combinations of supernatants were incubated with anti-HA agarose beads (Lablead, Beijing, China) for 3 h at 4 °C, followed by centrifugation at 2500× g at 4 °C for 5 min to collect immune complexes and then washed three times with wash buffer. The precipitates were released by boiling for 5 min in SDS loading buffer, and immunoprecipitated proteins were separated by 10% SDS-PAGE and analyzed by Western blot. The Co-IP assay was performed in N. benthamiana leaf cells as described for BiFC above. N. benthamiana leaves transiently co-expressing OsRpn1-GFP with MLD1-FLAG or GUS-FLAG were harvested 36 hpi. GFP-TrapA beads (Chromotek, Planegg, Germany) was used to immunoprecipitate GFP-fusion proteins from cell extracts as above. The antibodies used for Western blot included GFP (1:5000), HA (1:5000), and FLAG (1:5000). The Co-IP experiments were repeated two times independently.




4.12. LC–MS/MS Analyses


Rice leaves were ground to fine powder under liquid nitrogen, before adding five times the volume of lysis buffer (TCA:acetone (1:9). Total proteins were extracted and processed according to the “filter-aided sample preparation” (FASP) method as reported [73,74]. After digestion, peptides were eluted in the lectin-binding buffer. Lectin enrichment and deglycosylation were performed in H218O for 3 h at 37 °C. The peptides were separated by chromatography and analyzed by mass spectrometry using Q-Exactive Mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA ).



The proteins and N-glycosites were identified with the Andromeda search engine in Max Quant software (Maxquant1.6.14). The tandem MS data obtained were searched against the UniProt Oryza sativa 215, 375 sequences. Max Quant search parameters were as follows: fixed modification was set as carbamidomethyl; variable modification was set as oxidation on methionine and deamidation (18O) in asparagine, allowing up to two missed cleavages. The maximum peptides and site false discovery rates were set at 0.01. The peptide tolerance and mass tolerance parameters for protein identification were set at 20 ppm.



The proteins annotated by Clusters of Orthologous Groups (COGs) [97] were classified into 25 COG categories. The subcellular localization of the protein was predicted with WoLF PSORT, a subcellular localization prediction program (http://wolfpsort.seq.cbrc.jp/, accessed on 14 May 2022).




4.13. Cell Death Detection


Cell death in the protoplasts was measured using a previously described method [98]. Briefly, protoplasts were prepared from 12 day old yellow rice seedlings. Each transformation trial contained 200 µL of protoplasts, 10 µg of test plasmid DNA, and 5 µg of pUBI:LUC plasmid DNA containing the reporter gene LUC. The empty vector was used as a negative control. The LUC activity was detected following the manufacturer’s instructions for Luciferase Assay Systems (Promega, Madison, WI, USA). The fluorescence was measured by a microplate reader (MD SpectraMax i3).



Cell death was assessed in the N. benthamiana leaves by A. tumefaciens with the binary plasmids 35S-SERK1 and 35S-SERK2, along with MLD1-GFP or GFP. The SERK1 and SERK2 cell suspensions were normalized to an OD600 of 0.1, and the MLD1-GFP and GFP cell suspensions were normalized to OD600 of 0.6 for co-infiltration into the leaves of N. benthamiana. BAX was used as a positive control. Images were taken 7 days after infiltration.









Supplementary Materials


The following supporting information can be downloaded at www.mdpi.com/article/10.3390/ijms23105819/s1.





Author Contributions


Conceptualization, W.Z. and Y.P.; methodology, W.Z., H.F., T.Q., and X.Z.; investigation, H.F., T.Q., and X.Z. software, C.Y., formal analysis, W.Z., H.F., C.Y., G.X., and L.Q.; writing—original draft, W.Z. and H.F.; supervision, W.Z. and Y.Z.; funding acquisition, W.Z. and Y.P. All authors read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant No. 31872926), the National Key Research and Development Program of China (Grant No. 2016YFD0100601), and the China Agriculture Research System of MOF and MARA (CARS-01).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author. The mass spectrometry proteomics data were deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org, accessed on 17 May 2022) via the iProX partner repository with the dataset identifier PXD033933.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mukhtar, M.S.; McCormack, M.E.; Argueso, C.T.; Pajerowska-Mukhtar, K.M. Pathogen tactics to manipulate plant cell death. Curr. Biol. 2016, 26, R608–R619. [Google Scholar] [CrossRef] [PubMed]

	



Jones, A.M.; Dangl, J.L. Logjam at the Styx: Programmed cell death in plants. Trends Plant Sci. 1996, 1, 114–119. [Google Scholar] [CrossRef]

	



Li, J.; Brader, G.; Palva, E.T. The WRKY70 transcription factor: A node of convergence for jasmonate-mediated and salicylate-mediated signals in plant defense. Plant Cell 2004, 16, 319–331. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, L.R.; Qu, S.; Bordeos, A.; Yang, C.; Baraoidan, M.; Yan, H.; Xie, Q.; Nahm, B.H.; Leung, H.; Wang, G.L. Spotted leaf11, a negative regulator of plant cell death and defense, encodes a U-box/armadillo repeat protein endowed with E3 ubiquitin ligase activity. Plant Cell 2004, 16, 2795–2808. [Google Scholar] [CrossRef]

	



Wang, L.; Pei, Z.; Tian, Y.; He, C. OsLSD1, a rice zinc finger protein, regulates programmed cell death and callus differentiation. Mol. Plant Microbe Interact. 2005, 18, 375–384. [Google Scholar] [CrossRef]

	



Noutoshi, Y.; Kuromori, T.; Wada, T.; Hirayama, T.; Kamiya, A.; Imura, Y.; Yasuda, M.; Nakashita, H.; Shirasu, K.; Shinozaki, K. Loss of necrotic spotted lesions 1 associates with cell death and defense responses in Arabidopsis thaliana. Plant Mol. Biol. 2006, 62, 29–42. [Google Scholar] [CrossRef]

	



Qiao, Y.; Jiang, W.; Lee, J.; Park, B.; Choi, M.S.; Piao, R.; Woo, M.O.; Roh, J.H.; Han, L.Z.; Paek, N.C.; et al. SPL28 encodes a clathrin-associated adaptor protein complex 1, medium subunit mu 1 (AP1M1) and is responsible for spotted leaf and early senescence in rice (Oryza sativa). New Phytol. 2010, 185, 258–274. [Google Scholar] [CrossRef]

	



Mosher, S.; Moeder, W.; Nishimura, N.; Jikumaru, Y.; Joo, S.H.; Urquhart, W.; Klessig, D.F.; Kim, S.K.; Nambara, E.; Yoshioka, K. The lesion-mimic mutant cpr22 shows alterations in abscisic acid signaling and abscisic acid insensitivity in a salicylic acid-dependent manner. Plant Physiol. 2010, 152, 1901–1913. [Google Scholar] [CrossRef]

	



Tang, J.Y.; Zhu, X.D.; Wang, Y.Q.; Liu, L.C.; Xu, B.; Li, F.; Fang, J.; Chu, C.C. Semi-dominant mutations in the CC-NB-LRR-type R gene, NLS1, lead to constitutive activation of defense responses in rice. Plant J. 2011, 66, 996–1007. [Google Scholar] [CrossRef]

	



Chen, X.F.; Hao, L.; Pan, J.W.; Zheng, X.X.; Jiang, G.H.; Jin, Y.; Gu, Z.M.; Qian, Q.; Zhai, W.X.; Ma, B.J. SPL5, a cell death and defense-related gene, encodes a putative splicing factor 3b subunit 3 (SF3b3) in rice. Mol. Breed. 2012, 30, 939–949. [Google Scholar] [CrossRef]

	



Undan, J.R.; Tamiru, M.; Abe, A.; Yoshida, K.; Kosugi, S.; Takagi, H.; Yoshida, K.; Kanzaki, H.; Saitoh, H.; Fekih, R.; et al. Mutation in OsLMS, a gene encoding a protein with two double-stranded RNA binding motifs, causes lesion mimic phenotype and early senescence in rice (Oryza sativa L.). Genes Genet. Syst. 2012, 87, 169–179. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.H.; Lim, J.H.; Kim, S.S.; Cho, S.H.; Yoo, S.C.; Koh, H.J.; Sakuraba, Y.; Paek, N.C. Mutation of SPOTTED LEAF3 (SPL3) impairs abscisic acid-responsive signalling and delays leaf senescence in rice. J. Exp. Bot. 2015, 66, 7045–7059. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.H.; Wang, Y.; Hong, X.; Hu, D.H.; Liu, C.X.; Yang, J.; Li, Y.; Huang, Y.Q.; Feng, Y.Q.; Gong, H.Y.; et al. Functional inactivation of UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1) induces early leaf senescence and defence responses in rice. J. Exp. Bot. 2015, 66, 973–987. [Google Scholar] [CrossRef] [PubMed]

	



Fekih, R.; Tamiru, M.; Kanzaki, H.; Abe, A.; Yoshida, K.; Kanzaki, E.; Saitoh, H.; Takagi, H.; Natsume, S.; Undan, J.R.; et al. The rice (Oryza sativa L.) lesion mimic resembling, which encodes an AAA-type ATPase, is implicated in defense response. Mol. Genet. Genom. 2015, 290, 611–622. [Google Scholar] [CrossRef]

	



Wang, S.A.; Lei, C.L.; Wang, J.L.; Ma, J.; Tang, S.; Wang, C.L.; Zhao, K.J.; Tian, P.; Zhang, H.; Qi, C.Y.; et al. SPL33, encoding an eEF1A-like protein, negatively regulates cell death and defense responses in rice. J. Exp. Bot. 2017, 68, 899–913. [Google Scholar] [CrossRef]

	



Qin, P.; Fan, S.J.; Deng, L.C.; Zhong, G.R.; Zhang, S.W.; Li, M.; Chen, W.L.; Wang, G.L.; Tu, B.; Wang, Y.P.; et al. LML1, encoding a conserved eukaryotic release factor 1 protein, regulates cell death and pathogen resistance by forming a conserved complex with SPL33 in rice. Plant Cell Physiol. 2018, 59, 887–902. [Google Scholar] [CrossRef]

	



Fan, J.B.; Bai, P.F.; Ning, Y.S.; Wang, J.Y.; Shi, X.T.; Xiong, Y.H.; Zhang, K.; He, F.; Zhang, C.Y.; Wang, R.Y.; et al. The monocot-specific receptor-like kinase SDS2 controls cell death and immunity in rice. Cell Host Microbe 2018, 23, 498–510.e5. [Google Scholar] [CrossRef]

	



Rao, Y.C.; Jiao, R.; Wang, S.; Wu, X.M.; Ye, H.F.; Pan, C.Y.; Li, S.F.; Xin, D.D.; Zhou, W.Y.; Dai, G.X.; et al. SPL36 encodes a receptor-like protein kinase that regulates programmed cell death and defense responses in rice. Rice 2021, 14, 34. [Google Scholar]

	



Ma, J.; Wang, Y.F.; Ma, X.D.; Meng, L.Z.; Jing, R.N.; Wang, F.; Wang, S.; Cheng, Z.J.; Zhang, X.; Jiang, L.; et al. Disruption of gene SPL35, encoding a novel CUE domain-containing protein, leads to cell death and enhanced disease response in rice. Plant Biotechnol. J. 2019, 17, 1679–1693. [Google Scholar] [CrossRef]

	



Ruan, B.P.; Hua, Z.H.; Zhao, J.; Zhang, B.; Ren, D.Y.; Liu, C.L.; Yang, S.L.; Zhang, A.P.; Jiang, H.Z.; Yu, H.P.; et al. OsACL-A2 negatively regulates cell death and disease resistance in rice. Plant Biotechnol. J. 2019, 17, 1344–1356. [Google Scholar] [CrossRef]

	



Tu, R.R.; Wang, H.; Liu, Q.N.; Wang, D.F.; Zhou, X.P.; Xu, P.; Zhang, Y.X.; Wu, W.X.; Chen, D.B.; Cao, L.Y.; et al. Characterization and genetic analysis of the oshpl3 rice lesion mimic mutant showing spontaneous cell death and enhanced bacterial blight resistance. Plant Physiol. Biochem. 2020, 154, 94–104. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.S.; Qiu, T.C.; Feng, H.J.; Yin, C.F.; Zheng, X.M.; Yang, J.; Peng, Y.L.; Zhao, W.S. A novel glycine-rich domain protein, GRDP1, functions as a critical feedback regulator for controlling cell death and disease resistance in rice. J. Exp. Bot. 2021, 72, 608–622. [Google Scholar] [CrossRef] [PubMed]

	



Eichmann, R.; Schafer, P. The endoplasmic reticulum in plant immunity and cell death. Front. Plant Sci. 2012, 3, 200. [Google Scholar] [CrossRef] [PubMed]

	



Howell, S.H. Endoplasmic reticulum stress responses in plants. Annu. Rev. Plant Biol. 2013, 64, 477–499. [Google Scholar] [CrossRef] [PubMed]

	



Wan, S.C.; Jiang, L.W. Endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) in plants. Protoplasma 2016, 253, 753–764. [Google Scholar] [CrossRef] [PubMed]

	



Hetz, C. Protein folding stress in neurodegenerative disease: An interplay between ER stress and autophagy. FEBS J. 2012, 279, 15. [Google Scholar]

	



Jager, R.; Bertrand, M.J.M.; Gorman, A.M.; Vandenabeele, P.; Samali, A. The unfolded protein response at the crossroads of cellular life and death during endoplasmic reticulum stress. Biol. Cell 2012, 104, 259–270. [Google Scholar] [CrossRef]

	



Zuppini, A.; Navazio, L.; Mariani, P. Endoplasmic reticulum stress-induced programmed cell death in soybean cells. J. Cell Sci. 2004, 117, 2591–2598. [Google Scholar] [CrossRef]

	



Iwata, Y.; Koizumi, N. Unfolded protein response followed by induction of cell death in cultured tobacco cells treated with tunicamycin. Planta 2005, 220, 804–807. [Google Scholar] [CrossRef]

	



Watanabe, N.; Lam, E. Arabidopsis Bax inhibitor-1: A rheostat for ER stress-induced programmed cell death. Plant Signal. Behav. 2008, 3, 564–566. [Google Scholar] [CrossRef]

	



Qiang, X.Y.; Zechmann, B.; Reitz, M.U.; Kogel, K.H.; Schafer, P. The mutualistic fungus Piriformospora indica colonizes Arabidopsis roots by inducing an endoplasmic reticulum stress-triggered caspase-dependent cell death. Plant Cell 2012, 24, 794–809. [Google Scholar] [CrossRef] [PubMed]

	



Jing, M.F.; Guo, B.D.; Li, H.Y.; Yang, B.; Wang, H.N.; Kong, G.H.; Zhao, Y.; Xu, H.W.; Wang, Y.; Ye, W.W.; et al. A Phytophthora sojae effector suppresses endoplasmic reticulum stress-mediated immunity by stabilizing plant binding immunoglobulin proteins. Nat. Commun. 2016, 7, 11685. [Google Scholar] [CrossRef] [PubMed]

	



Fan, G.J.; Yang, Y.; Li, T.T.; Lu, W.Q.; Du, Y.; Qiang, X.Y.; Wen, Q.J.; Shan, W.X. A Phytophthora capsici RXLR effector targets and inhibits a plant PPlase to suppress endoplasmic reticulum-mediated immunity. Mol. Plant 2018, 11, 1067–1083. [Google Scholar] [CrossRef]

	



Korner, C.J.; Du, X.R.; Vollmer, M.E.; Pajerowska-Mukhtar, K.M. Endoplasmic reticulum stress signaling in plant immunity-at the crossroad of life and death. Int. J. Mol. Sci. 2015, 16, 26582–26598. [Google Scholar] [CrossRef]

	



Nekrasov, V.; Li, J.; Batoux, M.; Roux, M.; Chu, Z.H.; Lacombe, S.; Rougon, A.; Bittel, P.; Kiss-Papp, M.; Chinchilla, D.; et al. Control of the pattern-recognition receptor EFR by an ER protein complex in plant immunity. EMBO J. 2009, 28, 3428–3438. [Google Scholar] [CrossRef] [PubMed]

	



Saijo, Y. ER quality control of immune receptors and regulators in plants. Cell. Microbiol. 2010, 12, 716–724. [Google Scholar] [CrossRef] [PubMed]

	



Park, C.J.; Bart, R.; Chern, M.; Canlas, P.E.; Bai, W.; Ronald, P.C. Overexpression of the endoplasmic reticulum chaperone BiP3 regulates XA21-mediated innate immunity in Rice. PLoS ONE 2010, 5, e9262. [Google Scholar] [CrossRef]

	



Park, C.J.; Lee, S.W.; Chern, M.; Sharma, R.; Canlas, P.E.; Song, M.Y.; Jeon, J.S.; Ronald, P.C. Ectopic expression of rice Xa21 overcomes developmentally controlled resistance to Xanthomonas oryzae pv. oryzae. Plant Sci. 2010, 179, 466–471. [Google Scholar] [CrossRef]

	



Caplan, J.L.; Zhu, X.H.; Mamillapalli, P.; Marathe, R.; Anandalakshmi, R.; Dinesh-Kumar, S.P. Induced ER chaperones regulate a receptor-like kinase to mediate antiviral innate immune response, in plants. Cell Host Microbe 2009, 6, 457–469. [Google Scholar] [CrossRef]

	



Liebrand, T.W.H.; Smit, P.; Abd-El-Haliem, A.; de Jonge, R.; Cordewener, J.H.G.; America, A.H.P.; Sklenar, J.; Jones, A.M.E.; Robatzek, S.; Thomma, B.P.H.J.; et al. endoplasmic reticulum-quality control chaperones facilitate the biogenesis of Cf receptor-like proteins involved in pathogen resistance of tomato. Plant Physiol. 2012, 159, 1819–1833. [Google Scholar] [CrossRef]

	



Moreno, A.A.; Mukhtar, M.S.; Blanco, F.; Boatwright, J.L.; Moreno, I.; Jordan, M.R.; Chen, Y.I.; Brandizzi, F.; Dong, X.N.; Orellana, A.; et al. IRE1/bZIP60-mediated unfolded protein pesponse plays distinct roles in plant immunity and abiotic stress responses. PLoS ONE 2012, 7, e31944. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.T.; Wang, M.J.; Sun, L.; Lu, S.J.; Bi, D.L.; Sun, L.; Song, Z.T.; Zhang, S.S.; Zhou, S.F.; Liu, J.X. The membrane-associated transcription factor NAC089 controls ER-stress-induced programmed cell death in plants. PLoS Genet. 2014, 10, e1004243. [Google Scholar] [CrossRef] [PubMed]

	



Apweiler, R.; Hermjakob, H.; Sharon, N. On the frequency of protein glycosylation, as deduced from analysis of the SWISS-PROT database. Biochim. Biophys. Acta Gen. Subj. 1999, 1473, 4–8. [Google Scholar] [CrossRef]

	



Nagashima, Y.; von Schaewen, A.; Koiwa, H. Function of N-glycosylation in plants. Plant Sci. 2018, 274, 70–79. [Google Scholar] [CrossRef]

	



Schallus, T.; Jaeckh, C.; Feher, K.; Palma, A.S.; Liu, Y.; Simpson, J.C.; Mackeen, M.; Stier, G.; Gibson, T.J.; Feizi, T.; et al. Malectin: A novel carbohydrate-binding protein of the endoplasmic reticulum and a candidate player in the early steps of protein N-glycosylation. Mol. Biol. Cell 2008, 19, 3404–3414. [Google Scholar] [CrossRef]

	



Galli, C.; Bernasconi, R.; Solda, T.; Calanca, V.; Molinari, M. Malectin participates in a backup glycoprotein quality control pathway in the mammalian ER. PLoS ONE 2011, 6, e16304. [Google Scholar] [CrossRef]

	



Qin, C.; Li, Y.Y.; Gan, J.; Wang, W.X.; Zhang, H.H.; Liu, Y.; Wu, P. OsDGL1, a homolog of an oligosaccharyltransferase complex subunit, is involved in N-glycosylation and root development in rice. Plant Cell Physiol. 2013, 54, 129–137. [Google Scholar] [CrossRef]

	



Wilson, C.M.; High, S. Ribophorin I acts as a substrate-specific facilitator of N-glycosylation. J. Cell Sci. 2007, 120, 648–657. [Google Scholar] [CrossRef]

	



Schulze-Muth, P.; Irmler, S.; Schroder, G.; Schroder, J. Novel type of receptor-like protein kinase from a higher plant (Catharanthus roseus). cDNA, gene, intramolecular autophosphorylation, and identification of a threonine important for auto- and substrate phosphorylation. J. Biol. Chem. 1996, 271, 26684–26689. [Google Scholar] [CrossRef]

	



Franck, C.M.; Westermann, J.; Boisson-Dernier, A. Plant malectin-like receptor kinases: From cell wall integrity to immunity and beyond. Annu. Rev. Plant Biol. 2018, 69, 301–328. [Google Scholar] [CrossRef]

	



He, Y.; Wang, D.; Guo, L.; Pan, H.R.; Yvon, R.; Garman, S.; Wu, H.M.; Cheung, A.C. Malectin/Malectin-like domain-containing proteins: A repertoire of cell surface molecules with broad functional potential. Cell Surf. 2021, 7, 100056. [Google Scholar]

	



Ortiz-Morea, F.A.; Liu, J.; Shan, L.B.; He, P. Malectin-like receptor kinases as protector deities in plant immunity. Nat. Plants 2022, 8, 27–37. [Google Scholar] [CrossRef] [PubMed]

	



Lindner, H.; Muller, L.M.; Boisson-Dernier, A.; Grossniklaus, U. CrRLK1L receptor-like kinases: Not just another brick in the wall. Curr. Opin. Plant Biol. 2012, 15, 659–669. [Google Scholar] [CrossRef]

	



Sussholz, O.; Pizarro, L.; Schuster, S.; Avni, A. SlRLK-like is a malectin-like domain protein affecting localization and abundance of LeEIX2 receptor resulting in suppression of EIX-induced immune responses. Plant J. 2020, 104, 1369–1381. [Google Scholar] [CrossRef]

	



Giordano, L.; Allasia, V.; Cremades, A.; Hok, S.; Panabieres, F.; Bailly-Maitre, B.; Keller, H. A plant receptor domain with functional analogies to animal malectin disables ER stress responses upon infection. iScience 2022, 25, 103877. [Google Scholar] [CrossRef] [PubMed]

	



You, Q.Y.; Zhai, K.R.; Yang, D.L.; Yang, W.B.; Wu, J.N.; Liu, J.Z.; Pan, W.B.; Wang, J.J.; Zhu, X.D.; Jian, Y.K.; et al. An E3 ubiquitin ligase-BAG protein module controls plant innate immunity and broad-spectrum disease resistance. Cell Host Microbe 2016, 20, 758–769. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Q.E.; Ning, Y.S.; Zhang, Y.X.; Yu, N.; Zhao, C.D.; Zhan, X.D.; Wu, W.X.; Chen, D.B.; Wei, X.J.; Wang, G.L.; et al. OsCUL3a negatively regulates cell death and immunity by degrading OsNPR1 in rice. Plant Cell 2017, 29, 345–359. [Google Scholar] [CrossRef]

	



Zhao, J.Y.; Liu, P.C.; Li, C.R.; Wang, Y.Y.; Guo, L.Q.; Jiang, G.H.; Zhai, W.X. LMM5.1 and LMM5.4, two eukaryotic translation elongation factor 1A-like gene family members, negatively affect cell death and disease resistance in rice. J. Genet. Genom. 2017, 44, 107–118. [Google Scholar] [CrossRef]

	



Qiu, T.C.; Zhao, X.S.; Feng, H.J.; Qi, L.L.; Yang, J.; Peng, Y.L.; Zhao, W.S. OsNBL3, a mitochondrion-localized pentatricopeptide repeat protein, is involved in splicing nad5 intron 4 and its disruption causes lesion mimic phenotype with enhanced resistance to biotic and abiotic stresses. Plant Biotechnol. J. 2021, 19, 2277–2290. [Google Scholar] [CrossRef]

	



Du, S.; Qu, L.J.; Xiao, J.Y. Crystal structures of the extracellular domains of the CrRLK1L receptor-like kinases ANXUR1 and ANXUR2. Protein Sci. 2018, 27, 886–892. [Google Scholar] [CrossRef]

	



Moussu, S.; Augustin, S.; Roman, A.O.; Broyart, C.; Santiago, J. Crystal structures of two tandem malectin-like receptor kinases involved in plant reproduction. Acta Cryst. D 2018, 74, 671–680. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, Y.; Stegmann, M.; Han, Z.F.; DeFalco, T.A.; Parys, K.; Xu, L.; Belkhadir, Y.; Zipfel, C.; Chai, J.J. Mechanisms of RALF peptide perception by a heterotypic receptor complex. Nature 2019, 572, 270–274. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Wu, H.M.; Cheung, A.Y. FERONIA and her pals: Functions and mechanisms. Plant Physiol. 2016, 171, 2379–2392. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Q.P.; Fu, M.F.; Gao, H.; Yamamoto, K.; Hu, D.; Qin, S.Y. Subcellular distribution of endogenous malectin under rest and stress conditions is regulated by ribophorin I. Glycobiology 2018, 28, 374–381. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.Y.; Narendra, S.; Fedoroff, N. Heterotrimeric G protein signaling in the Arabidopsis unfolded protein response. Proc. Natl. Acad. Sci. USA 2007, 104, 3817–3822. [Google Scholar] [CrossRef]

	



Kroemer, G.; El-Deiry, W.; Golstein, P.; Peter, M.E.; Vaux, D.; Vandenabeele, P.; Zhivotovsky, B.; Blagosklonny, M.V.; Malorni, W.; Knight, R.A.; et al. Classification of cell death: Recommendations of the nomenclature committee on cell death. Cell Death Differ. 2005, 12, 1463–1467. [Google Scholar] [CrossRef]

	



Hayashi, S.; Wakasa, Y.; Takahashi, H.; Kawakatsu, T.; Takaiwa, F. Signal transduction by IRE1-mediated splicing of bZIP50 and other stress sensors in the endoplasmic reticulum stress response of rice. Plant J. 2012, 69, 946–956. [Google Scholar] [CrossRef]

	



Deng, Y.; Humbert, S.; Liu, J.X.; Srivastava, R.; Rothstein, S.J.; Howell, S.H. Heat induces the splicing by IRE1 of a mRNA encoding a transcription factor involved in the unfolded protein response in Arabidopsis. Proc. Natl. Acad. Sci. USA 2011, 108, 7247–7252. [Google Scholar] [CrossRef]

	



Nagashima, Y.; Iwata, Y.; Mishiba, K.; Koizumi, N. Arabidopsis tRNA ligase completes the cytoplasmic splicing of bZIP60 mRNA in the unfolded protein response. Biochem. Biophys. Res. Commun. 2016, 470, 941–946. [Google Scholar] [CrossRef]

	



Qin, S.Y.; Hu, D.; Matsumoto, K.; Takeda, K.; Matsumoto, N.; Yamaguchi, Y.; Yamamoto, K. Malectin forms a complex with ribophorin I for enhanced association with misfolded glycoproteins. J. Biol. Chem. 2012, 287, 38080–38089. [Google Scholar] [CrossRef]

	



Tannous, A.; Pisoni, G.B.; Hebert, D.N.; Molinari, M. N-linked sugar-regulated protein folding and quality control in the ER. Semin. Cell Dev. Biol. 2015, 41, 79–89. [Google Scholar] [CrossRef] [PubMed]

	



Bracha-Drori, K.; Shichrur, K.; Katz, A.; Oliva, M.; Angelovici, R.; Yalovsky, S.; Ohad, N. Detection of protein-protein interactions in plants using bimolecular fluorescence complementation. Plant J. 2004, 40, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.L.; Liu, C.; Tang, B.; Ren, Z.; Wang, G.L.; Liu, W. Quantitative proteomics analysis reveals important roles of N-glycosylation on ER quality control system for development and pathogenesis in Magnaporthe oryzae. PLoS Pathog 2020, 16, e1008355. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.F.; Wen, H.; Li, M.; Guo, T.; Chen, C. N-Glycoproteome reveals that N-Glycosylation plays crucial roles in photosynthesis and carbon metabolism in young rice leaves. J. Plant Biol. 2020, 63, 165–175. [Google Scholar] [CrossRef]

	



Van Hautegem, T.; Waters, A.J.; Goodrich, J.; Nowack, M.K. Only in dying, life: Programmed cell death during plant development. Trends Plant Sci. 2015, 20, 102–113. [Google Scholar] [CrossRef]

	



Dickman, M.; Williams, B.; Li, Y.R.; de Figueiredo, P.; Wolpert, T. Reassessing apoptosis in plants. Nat. Plants 2017, 3, 773–779. [Google Scholar] [CrossRef]

	



Kabbage, M.; Kessens, R.; Bartholomay, L.C.; Williams, B. The life and death of a plant cell. Annu. Rev. Plant Biol. 2017, 68, 375–404. [Google Scholar] [CrossRef]

	



Balint-Kurti, P. The plant hypersensitive response: Concepts, control and consequences. Mol. Plant Pathol. 2019, 20, 1163–1178. [Google Scholar] [CrossRef]

	



Chen, Y.; Hu, D.; Yabe, R.; Tateno, H.; Qin, S.Y.; Matsumoto, N.; Hirabayashi, J.; Yamamoto, K. Role of malectin in Glc(2)Man(9)GlcNAc(2)-dependent quality control of alpha 1-antitrypsin. Mol. Biol. Cell 2011, 22, 3559–3570. [Google Scholar] [CrossRef]

	



Wilson, C.M.; Roebuck, Q.; High, S. Ribophorin I regulates substrate delivery to the oligosaccharyltransferase core. Proc. Natl. Acad. Sci. USA 2008, 105, 9534–9539. [Google Scholar] [CrossRef]

	



Gou, X.P.; Yin, H.J.; He, K.; Du, J.B.; Yi, J.; Xu, S.B.; Lin, H.H.; Clouse, S.D.; Li, J. Genetic evidence for an indispensable role of somatic embryogenesis receptor kinases in brassinosteroid signaling. PLoS Genet. 2012, 8, e1002452. [Google Scholar] [CrossRef] [PubMed]

	



Hecht, V.; Vielle-Calzada, J.P.; Hartog, M.V.; Schmidt, E.D.L.; Boutilier, K.; Grossniklaus, U.; de Vries, S.C. The Arabidopsis somatic embryogenesis receptor kinase 1 gene is expressed in developing ovules and embryos and enhances embryogenic competence in culture. Plant Physiol. 2002, 128, 314. [Google Scholar] [CrossRef]

	



Chen, X.W.; Zuo, S.M.; Schwessinger, B.; Chern, M.; Canlas, P.E.; Ruan, D.L.; Zhou, X.G.; Wang, J.; Daudi, A.; Petzold, C.J.; et al. An XA21-associated kinase (OsSERK2) regulates immunity mediated by the XA21 and XA3 immune receptors. Mol. Plant 2014, 7, 874–892. [Google Scholar] [CrossRef]

	



He, K.; Gou, X.P.; Yuan, T.; Lin, H.H.; Asami, T.; Yoshida, S.; Russell, S.D.; Li, J. BAK1 and BKK1 regulate brassinosteroid-dependent growth and brassinosteroid independent cell-death pathways. Curr. Biol. 2007, 17, 1109–1115. [Google Scholar] [CrossRef] [PubMed]

	



Kemmerling, B.; Schwedt, A.; Rodriguez, P.; Mazzotta, S.; Frank, M.; Abu Qamar, S.; Mengiste, T.; Betsuyaku, S.; Parker, J.E.; Mussig, C.; et al. The BRI1-associated kinase 1, BAK1, has a brassinoli-independent role in plant cell-death control. Curr. Biol. 2007, 17, 1116–1122. [Google Scholar] [CrossRef]

	



de Oliveira, M.V.V.; Xu, G.Y.; Li, B.; Vespoli, L.D.; Meng, X.Z.; Chen, X.; Yu, X.; de Souza, S.A.; Intorne, A.C.; Manhaes, A.M.E.D.; et al. Specific control of Arabidopsis BAK1/SERK4-regulated cell death by protein glycosylation. Nat. Plants 2016, 2, 15218. [Google Scholar] [CrossRef] [PubMed]

	



Fradin, E.F.; Abd-El-Haliem, A.; Masini, L.; van den Berg, G.C.M.; Joosten, M.H.A.J.; Thomma, B.P.H.J. Interfamily transfer of tomato Ve1 mediates Verticillium resistance in Arabidopsis. Plant Physiol. 2011, 156, 2255–2265. [Google Scholar] [CrossRef]

	



Park, H.S.; Ryu, H.Y.; Kim, B.H.; Kim, S.Y.; Yoon, I.S.; Nam, K.H. A subset of OsSERK genes, including OsBAK1, affects normal growth and leaf development of rice. Mol. Cells 2011, 32, 561–569. [Google Scholar] [CrossRef]

	



Hu, H.; Xiong, L.; Yang, Y. Rice SERK1 gene positively regulates somatic embryogenesis of cultured cell and host defense response against fungal infection. Planta 2005, 222, 107–117. [Google Scholar] [CrossRef]

	



Tan, G.H.; Gao, Y.; Shi, M.; Zhang, X.Y.; He, S.P.; Cheng, Z.L.; An, C.C. SiteFinding-PCR: A simple and efficient PCR method for chromosome walking. Nucleic Acids Res. 2005, 33, e122. [Google Scholar] [CrossRef]

	



Miao, J.; Guo, D.S.; Zhang, J.Z.; Huang, Q.P.; Qin, G.J.; Zhang, X.; Wan, J.M.; Gu, H.Y.; Qu, L.J. Targeted mutagenesis in rice using CRISPR-Cas system. Cell Res. 2013, 23, 1233–1236. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, A.; Aichi, I.; Matsuoka, M. A protocol for Agrobacterium-mediated transformation in rice. Nat. Protoc. 2006, 1, 2796–2802. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.B.; Bao, S.W.; Fang, Y.L.; Wei, L.Y.; Zhu, W.S.; Peng, Y.L.; Fan, J. An LRR-only protein promotes NLP-triggered cell death and disease susceptibility by facilitating oligomerization of NLP in Arabidopsis. New Phytol. 2021, 232, 1808–1822. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.H.; Wang, Y.H.; Liu, X.; Jiang, L.; Ren, Y.L.; Liu, F.; Peng, C.; Li, J.J.; Jin, X.M.; Wu, F.Q.; et al. The failure to express a protein disulphide isomerase-like protein results in a floury endosperm and an endoplasmic reticulum stress response in rice. J. Exp. Bot. 2012, 63, 121–130. [Google Scholar] [CrossRef]

	



Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [Google Scholar] [CrossRef]

	



Tatusov, R.L.; Fedorova, N.D.; Jackson, J.D.; Jacobs, A.R.; Kiryutin, B.; Koonin, E.V.; Krylov, D.M.; Mazumder, R.; Mekhedov, S.L.; Nikolskaya, A.N.; et al. The COG database: An updated version includes eukaryotes. BMC Bioinform. 2003, 4, 41. [Google Scholar] [CrossRef]

	



Saur, I.M.L.; Bauer, S.; Lu, X.L.; Schulze-Lefert, P. A cell death assay in barley and wheat protoplasts for identification and validation of matching pathogen AVR effector and plant NLR immune receptors. Plant Methods 2019, 15, 118. [Google Scholar] [CrossRef]








[image: Ijms 23 05819 g001 550] 





Figure 1. Phenotypic analysis of the mld1 mutant of rice (Oryza sativa). (a,b) Plants at 90 days after seed sowing in the paddy field. Scale bar: 10 cm. (c,d) DAB (c) and NBT (d) staining of the WT and mld1 mutant leaves to indicate the accumulation of H2O2 and O2−, respectively. (e,f) Leaves of the wildtype (WT) and mld1 mutant plants inoculated with the compatible M. oryzae isolate H535. Phenotype and lesion length at 120 h after punch inoculation with H535 spores. Data are the means ± SD (n = 12). (g,h) Inoculation of the mld1 mutant and WT plants with the Xoo isolate PXO99. Phenotype and lesion length at 14 dpi. Data represent the means ± SD (n = 4). (i) Expression analysis of several defense-related genes in the WT and mld1 mutant plants based on RT-qPCR. Total RNA was extracted from the leaves of 30 day old seedlings. Data were normalized to the expression of the OsACTIN1 gene. Values are the means ± SD (n = 3). Significance analysis of the data (f,h,i) was performed using Student’s t-test (** p < 0.01). 
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Figure 2. OsMLD1 is an ER- and Golgi-associated protein. (a) Schematic representation of OsMLD1 and its homolog from Xenopus laevis (Q6INX3). SP indicates signal peptide; TM indicates the transmembrane domain. (b) Phylogenetic tree of OsMLD1 and its homologs from other plant species. Oryza sativa Geng, OsMLD1; Oryza sativa Indica, EAY88339.1; Oryza brachyantha, XP_006650992.1; Sorghum bicolor, XP_002468603.1; Panicum hallii, PAN51864.1; Setaria italic, XP_004985905.1; Hordeum vulgare subsp. Vulgare, BAJ97982.1; Zea mays, NP_001151098.1; Brachypodium distachyon, XP_003558932.1; Aegilops tauschii subsp. Tauschii, XP_020150979.1; Elaeis guineensis, XP_010933987.1; Ananas comosus, XP_020093405.1; Phoenix dactylifera, XP_008807843.1; Musa acuminata subsp. Malaccensis, XP_009382243.1; Arabidopsis thaliana, AT4G00300; Apostasia shenzhenica, PKA48091.1; Dendrobium catenatum, XP_020686577.1; Phalaenopsis equestris, XP_020597844.1; Asparagus officinalis, XP_020261801.1; Arabis alpine, KFK30615.1; Solanum lycopersicum, XP_004229933.1; Beta vulgaris subsp. Vulgaris, XP_010669972.1; Brassica napus, XP_013732165.1; Citrus unshiu, GAY51467.1; Vitis vinifera, XP_002278060.1; Vigna angularis, XP_017418921.1; Coffea canephora, CDP08774.1; Nicotiana sylvestris, XP_009757788.1; Capsicum annuum, XP_016538110.1; Arachis ipaensis, XP_016193902.1; Trifolium subterraneum, GAU28640.1; Phaseolus vulgaris, XP_007139802.1; Gossypium arboretum, XP_017637458.1; Homo sapiens, NP_055545.1; Xenopus laevis, Q6INX3. The phylogenetic tree was created using the maximum likelihood method in MEGA X software. Bootstrap support values from 1000 pseudo-replicates of the dataset are provided as percentages at the corresponding nodes when >50%. (c) Subcellular localization of MLD1 in rice protoplasts. Co-expression of MLD1-GFP and mChery-HDEL (ER), Man1-mChery (Golgi), and PIP2A-mChery (PM) in the rice protoplasts. 
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Figure 3. mld1 is more sensitive to ER stress. (a) The growth of the WT and mld1 mutant in liquid medium with 2 mM DTT refreshed daily was observed over a period of 7 days. Liquid medium without DTT served as a control. (b) Quantitative measurements of the lengths of the shoots and roots of wildtype and mld1 seedlings in three trials. Values are the means ± SD (n = 8). Significance analysis was performed using two-factor ANOVA with Tukey’s HSD test. Different letters indicate significant differences (p < 0.05). (c) ER stress-induced expression of several genes. mRNA levels of representative ER stress-induced genes in the WT and mld1 seedlings. RT-qPCR analyses of three biological replicates. Data were normalized to the expression of the OsACTIN1 gene. Values are the means ± SD (n = 3), Significance analysis of the data was performed using Student’s t-test (* p < 0.05, ** p < 0.01). (d) ER stress-induced splicing of OsbZIP50 mRNA in mld1. Unspliced (U) and spliced (S) OsbZIP50 forms co-exist in mld1. The WT treated with DTT was used as a positive control. 
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Figure 4. Rice ribophorin I (OsRpn1) localizes in the ER and interacts with OsMLD1. (a) Subcellular localization of OsRpn1 in rice protoplasts and Nicotiana benthamiana leaves. (b) Co-IP assays for the interactions of OsMLD1 with OsRpn1 in vivo. Rpn1-GFP (~110 kD), MLD1-FLAG (~50 kD), and GUS-FLAG (~75 kD) were expressed in Nicotiana benthamiana. Co-IP was performed using GFP-binding beads. Proteins were detected with antibodies as indicated. Similar results were obtained in three independent experiments. (c) Interactions between OsMLD1 and OsRpn1 shown by BiFC assays in N. benthamiana leaf epidermal cells. BiFC fluorescence is indicated by the eYFP signal. The eYFP signal was not detected in the corresponding negative controls. (d) Firefly LUC complementation imaging (LCI) assay detecting the interaction between OsMLD1 and OsRpn1. The colored scale bar indicates the luminescence intensity. NLUC indicates the N-terminus of LUC, while CLUC indicates the C-terminus of LUC. 
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Figure 5. N-Glycoproteome analysis of the wildtype and mld1 mutant. (a,b) Overlap of the N-glycosites and N-glycoprotein groups from mld1 and the WT. (c) Distribution of N-glycoproteins based on COGs. (d) Subcellular location of protein groups. 
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Figure 6. OsMLD1 interacts with OsSERK1 and OsSERK2 and suppresses their induced cell death. (a) Western blot analysis with anti-FLAG showed that glycans were cleaved from OsSERK1 or OsSERK2 by Endo H. Red arrow indicates uncleaved (U) or cleaved. (b) Western blot analysis OsSERK1 or OsSERK2 transiently expressed in protoplast of wildtype and mld1 mutant. (c,d) Firefly LUC complementation imaging (LCI) assay detecting the interactions of OsMLD1 with OsSERK1 and OsSERK2, respectively. (e) Survival rates of protoplasts measured in WT, mld1, and KN-1. OsSERK1, OsSERK2, the empty vector, and luciferase were co-expressed in the protoplasts of the WT, mld1 and KN-1, respectively. The only pUBI:LUC plasmid DNA was used to normalize the protoplasts in each treatment, representing 100% viable cells. In contrast, survival rates after OsSERK1 and OsSERK2 transformation were obtained. The empty vector was used as a negative control in each treatment. Data are the means ± SD (n = 3). Significance analysis was performed using two-factor ANOVA with Tukey’s HSD test. Different letters indicate significant differences (p < 0.05). (f) Survival rate of co-expressed OsSERK1 or OsSERK2 with OsMLD1-GFP or GFP in mld1 protoplasts. (g,h) OsMLD1 suppresses OsSERK1- or OsSERK2-induced cell death in N. benthamiana. OsSERK1 and OsSERK2 alone or with OsMLD1 were transformed into N. benthamiana epidemical cells. The co-expression of OsSERK1 with GFP and OsSERK2 with GFP was used as a negative control, and BAX was used as the positive control. 






Figure 6. OsMLD1 interacts with OsSERK1 and OsSERK2 and suppresses their induced cell death. (a) Western blot analysis with anti-FLAG showed that glycans were cleaved from OsSERK1 or OsSERK2 by Endo H. Red arrow indicates uncleaved (U) or cleaved. (b) Western blot analysis OsSERK1 or OsSERK2 transiently expressed in protoplast of wildtype and mld1 mutant. (c,d) Firefly LUC complementation imaging (LCI) assay detecting the interactions of OsMLD1 with OsSERK1 and OsSERK2, respectively. (e) Survival rates of protoplasts measured in WT, mld1, and KN-1. OsSERK1, OsSERK2, the empty vector, and luciferase were co-expressed in the protoplasts of the WT, mld1 and KN-1, respectively. The only pUBI:LUC plasmid DNA was used to normalize the protoplasts in each treatment, representing 100% viable cells. In contrast, survival rates after OsSERK1 and OsSERK2 transformation were obtained. The empty vector was used as a negative control in each treatment. Data are the means ± SD (n = 3). Significance analysis was performed using two-factor ANOVA with Tukey’s HSD test. Different letters indicate significant differences (p < 0.05). (f) Survival rate of co-expressed OsSERK1 or OsSERK2 with OsMLD1-GFP or GFP in mld1 protoplasts. (g,h) OsMLD1 suppresses OsSERK1- or OsSERK2-induced cell death in N. benthamiana. OsSERK1 and OsSERK2 alone or with OsMLD1 were transformed into N. benthamiana epidemical cells. The co-expression of OsSERK1 with GFP and OsSERK2 with GFP was used as a negative control, and BAX was used as the positive control.



[image: Ijms 23 05819 g006]







[image: Ijms 23 05819 g007 550] 





Figure 7. A proposed working model of the function of OsMLD1 in ER quality control. In the wildtype, OsMLD1 (malectin) forms a complex with ribophorin I (OsRpn1), which is one of the subunits of the OST complex. The interaction between OsMLD1 and OsRpn1 may account for the normal process of N-glycoproteins. In the mld1 mutant, the disruption of OsMLD1 disturbs the association with N-glycoproteins, resulting in the normal modification of glycoproteins to be affected, which leads to prolonged ER stress in the mld1 plants. 
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