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As low environmental temperature adversely affects the growth, development and geographical distribution, plants have evolved multiple mechanisms involving changing physiological and metabolic processes to adapt to cold stress. In this study, we revealed that nucleoporin-coding gene OsSEH1 was a positive regulator of cold stress in rice. Physiological assays showed that the activity of antioxidant enzymes showed a significant difference between osseh1 knock-out lines and wild type under cold stress. Metabolome analysis revealed that the contents of large-scale flavonoids serving as ROS scavengers were lower in osseh1 mutants compared with wild type under cold stress. Transcriptome analysis indicated that the DEGs between osseh1 knock-out lines and wild type plants were enriched in defense response, regulation of hormone levels and oxidation-reduction process. Integration of transcriptomic and metabolic profiling revealed that OsSEH1 plays a role in the oxidation-reduction process by coordinately regulating genes expression and metabolite accumulation involved in phenylpropanoid and flavonoid biosynthetic pathway. In addition, Exogenous ABA application assays indicated that osseh1 lines had hypersensitive phenotypes compared with wild type plants, suggesting that OsSEH1 may mediate cold tolerance by regulating ABA levels.
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Introduction

Rice (Oryza sativa L.), a staple food crop that feeds over half of the world’s population, originates from tropical and subtropical regions and is sensitive to cold stress (Sasaki and Burr, 2000). Cold stress has been identified as one of the main factors restricting the growth, development, production, and geographical distribution of rice (Sperotto et al., 2018). In Northeast China, the growth and development of rice are seriously affected by cold stress at the seedling and booting stages (Sun et al., 2022). As a result of severe cold disasters, rice production in Northeast China was drastically reduced by 42% in 1972 and 37% in 1976 (Yang et al., 2017a). Therefore, it is important to mine cold-tolerant genes and elucidate their regulatory mechanisms for national food security and sustainable agricultural development.

Plants exposed to cold stress suffer from wilting, discoloration, leaf margin drying, accelerated aging, incomplete ripening, and even death (Zhang et al., 2016). Various evaluation indices were used to reflect cold tolerance at the seedling stage, including survival rate, leaf withering degree, proline content, soluble sugar content, and the activity of antioxidant enzymes (Han et al., 2020). The survival rate and degree of leaf withering reflect the external phenotype of seedlings under cold stress. As cytoplasmic osmotic pressure regulators, proline and soluble sugars can enhance cold tolerance (Ma et al., 2009; Gaveliene et al., 2014). Under normal conditions, reactive oxygen species (ROS) are well known to act as molecular signals or secondary messengers that regulate plant growth at lower concentrations (Mittler, 2017). However, under cold conditions, overaccumulation of ROS degrades polyunsaturated lipids, oxidizes proteins, and damages cells (Han et al., 2017). Antioxidant enzymes play an important role in maintaining cellular redox homeostasis. The activity of antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT), reflects the ability of plants to mitigate ROS under cold stress (Noctor and Foyer, 1998).

Plants synthesize a variety of secondary metabolites from the amino acid phenylalanine, including benzenoids, coumarins, flavonoids, hydroxycinnamates, and lignin (Vogt, 2010). These compounds are collectively referred to as phenylpropanoids and play an essential role in plant development and plant–environment interactions (Dong and Lin, 2021). For example, lignins are a large group of aromatic polymers that are deposited in the plant cell wall, serving as both structural support and a plant defense mechanism (Boerjan et al., 2003; Vanholme et al., 2019). The synthesis of lignin can be induced by many types of abiotic stressors, such as drought, cold stress, and mineral deficiency, as well as biotic stresses, including infection by fungi, bacteria, or viruses (Moura et al., 2010). Flavonoids, another important class of soluble phenylpropanoids, have long been suggested to have multiple functions in plant development and adaptation to environmental stress (Agati et al., 2012; Agati et al., 2013; Nakabayashi et al., 2014). Under unfavorable conditions, such as UV light, drought, and biotic stress, flavonoids accumulate in plants to protect cells from oxidative damage (Treutter, 2005; Hassan and Mathesius, 2012; Agati et al., 2013; Nakabayashi et al., 2014). Recently, phenylpropanoid responses to environmental temperature in plants, which are considered to play a vital role in cold stress, have gathered more attention (Sudheeran et al., 2018; Zhang et al., 2022).

Cold tolerance is a complex agronomic trait controlled by multiple genes (Guo et al., 2018; Shi et al., 2018). Traditional genetic and molecular analysis has been used to identify major QTLs/genes controlling cold tolerance in rice, including low-temperature germinability on chromasome 3 (qLTG3), low temperature growth 1 (LTG1), chilling tolerance divergence 1 (COLD1), cold tolerance at booting stage 4a (CTB4a), basic leucine zipper 73 (bZIP73), and HAN1 (“han” is termed “chilling” in Chinese) (Fujino et al., 2008; Lu et al., 2014; Ma et al., 2015; Zhang et al., 2017; Liu et al., 2018; Liu et al., 2019; Mao et al., 2019). Nuclear pore complexes (NPCs), consisting of multiple nucleoporins (Nups), play vital roles in the exchange of macromolecules, such as RNAs and proteins (Parry, 2015; Yang et al., 2017b). Some studies have suggested that Nups also play an important role in regulating cold tolerance. For instance, NUP160 was shown to be involved in cold stress responses, since the nup160 lines impaired the expression of the CBF3-LUC reporter gene and cold response (COR) genes, resulting in hypersensitivity to cold stress (Dong et al., 2006b). In addition, high expression of osmotically responsive genes 1 (HOS1) is considered a negative regulator of cold signaling (Ishitani et al., 1998). The expression of COR genes in hos1 mutants was higher than that in wild-type (WT) plants (Lee et al., 2001). HOS1 was further shown to modulate the protein levels of ICE1 (inducer of CBF expression 1) by ubiquitination to attenuate cold signaling (Lee et al., 2001; Dong et al., 2006a). However, the functions of other nucleoporins in cold signaling remain poorly understood, especially in rice.

Our previous study detected QTLs for cold tolerance at the seedling stage through genome-wide association studies using Ting’s rice core collection (Song et al., 2018). At all these QTLs, a major locus on chromosome 1 explained 27% of phenotypic variance. We subsequently analyzed candidate genes within this locus and noticed that the expression of the nucleoporin-coding gene OsSEH1 was dramatically induced by cold stress. Hence, our previous results indicate that OsSEH1 is a potential candidate gene for cold tolerance in rice. However, further characterization of gene function and its regulatory mechanism in response to cold stress in rice requires further investigation. In the current study, we revealed by combining transcriptomic and metabolomic methods that OsSEH1 regulates many genes and metabolites involved in the phenylpropanoid pathway in response to cold stress. Moreover, we showed that exogenous abscisic acid (ABA) increased the cold tolerance of osseh1 knockout lines, but had little effect on WT plants. This study advances our understanding of the function of plant nucleoporins in cold stress and provides a potential genetic resource for generating cold-tolerant rice varieties.



Materials and methods


Plant materials and growth conditions

Two rice genotypes, wild type MangShuiDao (MSD) and its mutant osseh1, were selected for use in this study. MSD is a cold tolerant temperate Japonica landrace from Yangtze River region, China. The mutant osseh1 lines were generated by CRISPR/Cas9 previously. The mutation sites in the osseh1 knock-out lines were showed in Supplementary Figure 1.

Seeds were surface sterilized with 5% (w/v) sodium hypochlorite for 3 min and then soaked in the water at 28°C for 5 days in the dark. The germinated seeds were transferred to 96-well plates and then grown hydroponically in the solution of International Rice Research Institute (IRRI). The 96-well plates were placed in a plant growth chamber (14h-light/10h-dark conditions) with temperatures of 28°C and 25°C for the light and dark conditions, respectively.

For cold stress at the seedling stage, the seedlings of wild type and osseh1 mutants were used to test the cold tolerance. The seedlings were transferred to a growth chamber at 4°C for 7 days after knowing which plants were able to recover at 28°C for 7 days, and the survival rates were calculated. Cold treatment was treated at the 16th days of rice seedling growth. The sampling time of physiological indicators was 0 h and 48 h after cold stress.

For the germination assay, sterilized seeds were put in the 0 µM, 1 µM, 10 µM, 100 µM or 150 µM ABA. The germination rates were assessed at 0, 36, 48, 60, 72, 84, 96 h. Three replicate assays were conducted with at least 200 seeds each time.



Measurement of soluble sugar content

The soluble sugar content was measurement was performed according to the previous study (Yoshida et al., 1971) with some modification. Briefly, leaf sample (0.2 g fresh weight) was fixed in 4 ml 80% ethanol. After centrifugation at 5000 × g for 10 min, added 2.5 ml of anthrone to the supernatant (0.5 ml) and kept in a water bath at 40°C for 30 min. After cooling, measure the optical density of the mixture at 625 nm.



Measurement of proline content

The proline content was determined according to the previous study (Bates et al., 1973) with some modification. Leaf samples (0.5 g) were boiled in 10ml 3% sulfosalicylic acid and then the cooling homogenate was centrifuged at 3000×g for 10 min. The supernatant (1 ml) was treated with 1 ml acetic acid and 2 ml 2.5% ninhydrin, boiled for 1 h, and absorbance was determined at 520 nm.



Measurement of ROS content

The ROS content was determined by plant ROS enzyme-linked immunity kit (Jiangsu Meimian Industrial Co., Ltd., Yancheng, China) according to the manufacturer’s protocol. Double antibody sandwich method was used in the kit to determine the content of plant ROS in the leaves sample. Purified plant ROS antibodies were placed in the microporous plate to form solid-phase antibodies. Use purified ROS antibody to coat the microplate to prepare solid phase antibody. Add ROS to the microplate coated with monoclonal antibody in turn, and then combine with HRP (horse radish peroxidase) labeled ROS antibody to form antibody antigen enzyme labeled antibody complex. After thorough washing, add substrate TMB (3, 3′,5,5′-Tetramethylbenzidine) for color development. TMB is catalyzed by HRP enzymes to turn blue and converted to the final yellow color by acid. The shade of color was positively correlated with ROS in the sample. The absorbance (OD) was measured at 450nm and the concentration of ROS was calculated by standard curve.



Measurements for antioxidative enzyme activity

Fresh leaves (about 0.2 g) were ground in cold 2 mL 50 mM PBS solution. Centrifuged homogenate at 8000 r/min for 20 min at 4°C. The supernatant was kept measure the antioxidant enzyme activity. For SOD activity measurement, 50 μL supernatant was added to 5 mL nitroblue tetrazolium (NBT) reaction buffer and then the reaction mixture was kept under 4000 lux lights for 20 min and analyzed at 560 nm using a spectrophotometer (Polle et al., 1989). For POD activity measurement, 50 μL supernatant was added to 5 mL guaiacol reaction buffer and analyzed at 470 nm using a spectrophotometer (Fecht-Christoffers et al., 2006). For CAT activity measurement, 50 μL supernatant was added to 5 mL reaction buffer in the presence of H2O2 and analyzed at 240 nm using a spectrophotometer (Verma and Dubey, 2003). For APX activity measurement, 50 μL supernatant was added to 5 mL ascorbate reaction buffer and analyzed at 290 nm using a spectrophotometer (Vanacker et al., 1998). All treatments had three biological and three technical replicates.



Metabolite profiling analysis

Metabolomic profiling was performed using a widely targeted metabolome technology with three independent biological replicates at MetWare Biotechnology Co., Ltd. (Wuhan, China) (Li et al., 2022a). Briefly, the leaves samples were ground using the MM 400 Mixer Mill (Retsch Technology, Haan, Germany) with a zirconia bead for 1.5 min. Then, 100 mg freeze-dried powder was weighted for metabolites extraction with 500 μL of 80% aqueous methanol containing 0.1 mg/L lidocaine at 4°C for 8h. Following centrifugation at 10000g for 15 min, the supernatant was filtered via a syringe filter (SCAA-104, 0.22-μm pore size; ANPEL, Shanghai, China) before LC-MS/MS analysis. Quality Control (QC) samples were mixed with all samples to test the reproducibility of the entire experiment. Differentially accumulated metabolites (DAMs) were identified using the t-test < 0.05 and variable importance in projection (VIP) ≥ 1.



Transcriptome and bioinformatics analysis

RNA-Seq sequencing and analyses were performed by Gene Denovo Biotechnology Co., (Guangzhou, China) as described previously (Li et al., 2022b; Yan et al., 2022). Briefly, total RNA was extracted from the four-leaf stage seedlings using the Trizol Reagent Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol, with three biological replicates each containing 50 plants. RNA quality and integrity were assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). Gene Denovo Biotechnology Co. (Guangzhou, China) performed RNA-Seq sequencing and analyses using the Illumina HiSeq2500 platform. Differentially expressed genes (DEGs) between the osseh1 mutants and the wild type were identified with false discovery rate (FDR) < 0.05 and absolute fold change ≥ 2. DEGs were then analyzed by Gene Ontology (GO) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway.



RNA extraction and RT-qPCR

Total RNA was extracted from the rice seedling leaves using the TransZol Up Plus RNA kit (TransGen Biotech, China) according to the manufacturer’s protocol. RNA quality and concentration were quantified using a NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific). Total RNA was reverse-transcribed to cDNA using One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, China). RT-qPCR was carried out using the PerfectStart Green qPCR SuperMix (TransGen Biotech, China) protocol and the QuantStudio 3 System (Applied Biosystems, USA). Rice ACTIN1 gene was used as the internal control. Data were analyzed following the relative quantification method (Livak and Schmittgen, 2001). Primer used for RT-qPCR are listed in Supplementary Table 9. The experiments were repeated at least three times.



Exogenous ABA treatment

Hormone treatments were conducted by spraying the leaves of 12-day old seedlings with 1 μM, 10 μM, 100 μM and 150 μM ABA containing 0.1% (v/v) Tween 20 as the surfactant. The seedlings were sprayed with the mixture of different concentration of ABA at 9 a.m. for 3 days and then transferred to a growth chamber at 4°C for 2 days. ABA (Sigma) was dissolved in methanol. The identical volume of the blank methanol containing 0.1% (v/v) Tween20 was used as a mock treatment.



Endogenous ABA measurement

The ABA content was determined by plant ABA enzyme-linked immunity kit (Jiangsu Meimian Industrial Co., Ltd., Yancheng, China) according to the manufacturer’s protocol. Double antibody sandwich method was used in the kit to determine the content of plant ABA in the leaves sample.



Statistical analysis

A two-tailed Student’s t-test was used to compare the difference of data from two groups, and analysis of variance (ANOVA) one-way comparison followed by Duncan’s tests (p<0.05) was used to compare the difference of data from multiple groups, using SPSS version 26 ((IBM Corp., Armonk, NY, USA).




Results


Morphological and physiological characteristics are altered in osseh1 knock-out lines under cold stress

In order to dissect the function of OsSEH1 in rice, we examined the cold tolerance of wild type (WT) and osseh1lines. After 7-day cold treatment and a 7-day recovery, only 41.67% of the osseh1 seedlings survived, in contrast to 87.5% of the WT plants (Figures 1A, B). Further, we measured the physiological parameters of WT plants and osseh1 knock-out lines before and after cold treatment. The growth performance was assessed by evaluating plant height, root length, shoot fresh and dry weight, root fresh and dry weight. We sampled and measured the parameters at three time points and the first sampling point is the 14th day of the rice seedling (Supplementary Figure 2A). For both WT and osseh1 lines, shoot fresh weight, root fresh weight, shoot dry weight and root dry weight showed similar rising tendency during cold treatment compared with that during normal condition (Supplementary Figures 2B–E). However, the plant height and root length of osseh1 lines was significantly inhibited under cold stress compared with that of WT (Supplementary Figure 2F, G).




Figure 1 | Comparison of morphological and physiological indexes between osseh1 knock-out lines and WT plants under cold stress. (A) Phenotypes of osseh1 knock-out lines and WT plants under cold tolerance. (B) Survival rates of osseh1 knock-out lines and WT plants recovered for 7 days after cold treatment. Statistical analysis of (C) soluble sugar, (D) proline content, (E) ROS content, (F) SOD activity, (G) POD activity, (H) CAT activity and (I) APX activity. Data represents means ± SEM (n = 3). *P < 0.05, **P < 0.01. Scale bars, 5cm. WT, wild type; osseh1, knockout lines; ROS, reactive oxygen species. SOD, superoxide dismutase; POD, peroxidase; CAT, catalase; APX, ascorbate peroxidase.



In addition, we measured soluble sugar content, proline content, ROS content, superoxide dismutase (SOD) activity, peroxidase (POD) activity, ascorbate peroxidase (APX) activity and catalase (CAT) activity in the leaves of WT and osseh1 lines under normal and cold condition. Compared with the WT lines, the soluble sugar content of osseh1 lines decreased significantly under normal condition, while there was no significant difference between them under cold stress (Figure 1C). The proline content of both WT and osseh1 lines were increased after cold stress, while there was no significant difference between them under normal and cold condition (Figure 1D). Our results also revealed that the ROS content in osseh1 knock-out lines was significantly higher than that in WT plants, suggesting that osseh1 lines were subjected to more severe oxidative stress under cold stress (Figure 1E). After 2-day 4°C cold stress, the SOD activity in the leaves of osseh1 is significantly lower than that of WT (Figure 1F). The POD activity was no difference between WT and osseh1 lines under normal and cold condition (Figure 1G). The CAT activity of osseh1 was lower compared to that of WT under normal condition, while there was no significant difference between them under cold condition (Figure 1H). The APX activity of osseh1 lines was significantly higher than that of WT under both normal and cold condition (Figure 1I). These results indicated that OsSEH1 play a role in regulating rice development and physiological characteristics.



OsSEH1 regulates a broad range of the metabolite accumulation

To reveal the role of OsSEH1 underlying cold treatment at the metabolic profile, we performed widely targeted metabolomics assay for wild type plants and osseh1 knock-out mutants. We used an ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS) method to identify changes in metabolite levels. Principal component analysis (PCA) indicated that the metabolites of different genotypes and treatments were significantly different (Figure 2A). Cluster analysis was also performed, and 12 samples were clearly divided into four groups, indicating significant differences in metabolites among four experiment groups (Figure 2B). A total of 806 metabolites were detected with this approach, including 31 different types of substances, among these metabolites, 110 were phenolic acids, 108 were flavonoid metabolites, 75 were organic acids, 73 were amino acids and derivatives, and 54 were free fatty acids (Supplementary Table 1; Supplementary Figure 3). In positive ion mode, the metabolites were categorized into 12 classes, while in negative ion mode, the metabolites were categorized into 11 classes (Figure 2C).




Figure 2 | Overview of the metabolite accumulation under normal and cold condition. (A) Principal component analysis (PCA) of the metabolic profiles. PC1 and PC2 indicate principal component 1 and principal component 2, respectively. The quality control sample (QC) was prepared by mixing aliquots of all of the samples. (B) Heat map visualization of metabolites. The content of each metabolite was normalized to complete linkage hierarchical clustering. (C) Classification map of metabolites under positive and negative iron mode. (D) Volcano plots of the metabolites from the comparison of WT-C vs. osseh1-C, WT vs. WT-C, WT vs. osseh1 and osseh1 vs. osseh1-C, respectively. WT, WT under normal condition. WT-C, WT under cold treatment. osseh1, osseh1 lines under normal condition. osseh1-C, osseh1 lines under cold treatment.



A total of 102 differently accumulated metabolites (DAMs) (32 upregulated and 70 downregulated metabolites) were identified between WT under normal condition and osseh1 under normal condition (WT vs osseh1; variable importance (VIP) scores ≥1 and T-test P<0.05; Figure 2D; Supplementary Table 2). 81 DAMs (53 upregulated and 28 downregulated metabolites) were identified between the WT under normal condition and WT under cold stress (WT vs WT-C; variable importance (VIP) scores ≥1 and T-test P<0.05; Figure 2D; Supplementary Table 3). 59 DAMs (54 upregulated and 5 downregulated metabolites) were identified between the osseh1 under normal condition and osseh1 under cold stress (osseh1 vs osseh1-C; variable importance (VIP) scores ≥1 and T-test P<0.05; Figure 2D; Supplementary Table 4). 100 DAMs (47 upregulated and 53 downregulated metabolites) were identified between WT and osseh1under cold stress (WT-C vs osseh1-C; variable importance (VIP) scores ≥1 and T-test P<0.05; Figure 2D; Supplementary Table 5). These results suggested that OsSEH1 regulate a broad range of the metabolite accumulation.



Differentially regulated metabolites by OsSEH1 under cold stress

The DAMs between WT and osseh1 lines under normal and cold condition were analyzed further. As expected, the metabolites expression patterns were similar between the biological replicates but differed significantly between the WT and osseh1 mutant lines (Figures 3A, C). We detected the different accumulation pattern of a wide range of the amino acids, flavonoids, organic acids, alkaloids, phenolic acids and lipids between WT and osseh1 mutants (Figures 3A, C). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis demonstrated that glyoxylate and dicarboxylate metabolism, citrate cycle (TCA cycle) and biosynthesis of antibiotics were the most significantly changed pathways in the noncold treatment WT vs osseh1 comparison (Figure 3B). However, the DAMs participating in citrate cycle (TCA cycle), 2-Oxocarboxylic acid metabolism, Pyruvate metabolism were mainly enriched under cold stress (Figure 3D). Further, some primary metabolic pathway that are essential for plant growth and development were also significantly enriched under cold stress, including biosynthesis of amino acids, flavone and flavonol biosynthesis and carbon metabolism. Flavonoids serve as ROS scavengers by locating and neutralizing radicals before they damage the cell thus important for plants (Agati et al., 2012). The contents of large-scale flavonoids were lower in osseh1 mutants compared to WT plants under cold treatment (Figure 3C), suggesting that the OsSEH1 may be involved in the regulation of flavone and flavonol biosynthesis.




Figure 3 | Differentially accumulated metabolites (DAMs) between osseh1 lines and WT plants under normal condition and cold stress. (A) Heatmap of DAMs between osseh1 lines and WT plants under normal condition. (B) The top 20 KEGG pathways of DAMs under normal condition. (C) Heatmap of DAMs between osseh1 lines and WT plants under cold stress. (D) The top 20 KEGG pathways of DAMs under cold stress. WT, WT under normal condition. WT-C, WT under cold treatment. osseh1, osseh1 lines under normal condition. osseh1-C, osseh1 lines under cold treatment.





Overview of RNA-seq data analysis

We also performed a transcriptome assay using WT plants and osseh1 mutants, in parallel with metabolomics. Under normal condition, we depicted 683 differently expressed genes (DEGs) that were up-regulated and 496 down-regulated (fold change > 2 or < 0.5, FDR<0.05; Supplementary Figure 4A; Supplementary Table 6) in the WT vs. osseh1 comparison. Gene ontology (GO) analyses revealed that these DEGs were enriched in defense response, regulation of hormone levels, benzene-containing compound metabolic process, response to stimulus and oxidation-reduction process biological processes (Figure 4A). KEGG pathway analysis showed that photosynthesis (ko00195), flavonoid biosynthesis (ko00941) and stilbenoid, diarylheptanoid and gingerol biosynthesis (ko00945) were the most significantly changed pathways (Figure 4B).




Figure 4 | Differentially expressed genes (DEGs) between osseh1 lines and WT plants under normal condition and cold stress. (A) The Gene Ontology (GO) enrichment of DEGs between osseh1 lines and WT plants under normal condition. (B) The KEGG enrichment of the DEGs between osseh1 lines and WT plants under normal condition. (C) The Gene Ontology (GO) enrichment of DEGs between osseh1 lines and WT plants under cold stress. (D) The KEGG enrichment of the DEGs between osseh1 lines and WT plants under cold stress. (E) Transcription factor analysis on the DEGs between osseh1 lines and WT plants under cold stress.



Under cold condition, we depicted 514 differently expressed genes (DEGs) that were up-regulated and 429 down-regulated (fold change>2 or < 0.5, FDR<0.05; Supplementary Figure 4B; Supplementary Table 7) in the WT-C vs osseh1-C comparison. GO analyses revealed that these DEGs were enriched in multiple biological process, including defense response, photosynthetic electron transport chain, toxin metabolic process, zinc ion transmembrane transport and oxidation-reduction process (Figure 4C). KEGG pathway analysis demonstrated that photosynthesis (ko00195), metabolic pathways (ko01100) and flavonoid biosynthesis (ko00941) were the most significantly changed pathways in the WT-C vs osseh1-C comparison (Figure 4D). These results are consistent with our proposed role for OsSEH1 in the regulation of cold stress tolerance.

To further understand the regulatory network of OsSEH1 in the cold stress, we conducted transcription factor analysis on the differently expression genes between WT and osseh1 lines. The results showed that significant changes in the expression level of many different types of transcription factors, including bHLH family, ERF family, NAC family, C2H2 family and MYB family (Figure 4E). The results indicated that OsSEH1 may regulate the expression of a large number transcription factors.

In view of the differences in physiological characteristics between WT and osseh1 lines, we also focused on the term of oxidation-reduction process. We found that a total of 59 DEGs involved in oxidation-reduction process, including multiple genes encoding oxidoreductase (Figure 5A; Supplementary Table 8). The result indicated a role of OsSEH1 in the control of redox homeostasis. To confirm this possibility, we analyzed the expression levels of 14 genes by RT-qPCR (six genes in the DEGs analysis and eight other ROS-related genes) in WT and osseh1 lines under normal condition and cold stress (Figure 5B). Of the 14 tested genes, FeSOD, SODcc1, POD1, POX22.3, LOX10, ANS, Prx30, OPR1 and GRL8 were significantly lower in osseh1 lines than in WT plants under cold stress, while the expression of APx1, APx8, CATB and OPR8 were significantly higher in the osseh1 lines than WT plants and the expression of Perox4 was not significantly different between the osseh1 lines and WT plants.




Figure 5 | DEGs between osseh1 knock-out lines and WT plants were involved in oxidation-reduction process. (A) Heatmap showing the enriched genes in the term of oxidation-reduction process. (B) Transcript levels of genes related to ROS scavenging in osseh1 knock-out lines and WT plants under normal condition and cold stress. Data represents means ± SEM (n = 3). *P < 0.05, **P < 0.01. WT-C, WT under cold treatment. osseh1-C, osseh1 lines under cold treatment.





Transcriptomic and metabolic profile of phenylpropanoid biosynthesis modulated by OsSEH1

To better characterize the role of OsSEH1 in regulating genes and metabolites under cold stress, we conducted Pearson’s correlation analysis based on the transcriptomic and metabolomic data. The KEGG analysis of the correlated DEGs and DAMs showed that phenylpropanoid biosynthesis, metabolic pathways and flavonoid biosynthesis were the most enriched pathway under cold treatment (Figure 6A). Further, we performed an integrated Two-way Orthogonal Partial Least Squares (O2PLS) analysis of the transcriptome and metabolome Tables (Figure 6B). Consistent with the result of KEGG analysis, 11 of the top 25 metabolites were highly correlated with phenylpropanoid biosynthesis and flavonoid biosynthesis, including Isovitexin-2’’-O-(6’’’-p-coumaroyl) glucoside (Zmhp003322), Isovitexin-2’’-O-(6’’’-feruloyl) glucoside (Zmhp003186), Swertiajaponin (pmp000233), 4’-Hydroxy-5,7-dimethoxyflavanone (pmc1990), Tricin-4’-O-(guaiacylglycerol) ether-7-O-glucoside (pmb1312), Tricin-7-O-Glucoside (pmb0736), Tricin-4’-O-(syringyl alcohol) ether-5-O-glucoside (pmb0719), Isoorientin-7-O-(6’’-p-coumaroyl) glucoside (pmb0660), Tricin-4’-O-glucoside (Lmhp206353), L-Phenylalanine (pme0021) (Figure 6B).




Figure 6 | Combined analysis of the transcriptome and metabolome. (A) KEGG enrichment analysis of DAMs and DEGs between osseh1 lines and WT plants under cold stress. (B) Loading values representation of genes and metabolites from transcriptome and metabolome Tables based on two-way orthogonal partial least squares (O2PLS) analysis.



Moreover, we screened DEGs and DAMs in relation to their corresponding positions in the phenylpropanoid biosynthesis pathway. Metabolite analysis showed that (S)-alpha-Amino-beta-phenylpropionic acid (pme0021), Tyrosine (mws0250), 5-O-Caffeoylshikimic acid (Hmln002806), Apigenin 8-C-glucoside (mws0048) and 5,7,3’,4’-Tetrahydroxyflavone (pme0088) were all down-regulated in the osseh1 lines compared with that of WT plants under cold treatment (Figure 7). Then, a total of 31 DEGs were identified in the phenylpropanoid biosynthesis pathway between the WT and osseh1 lines under cold treatment. 16 genes encoding core players in the phenylpropanoid biosynthesis pathway, such as PAL (Os04g0518400), ANS (Os01g0372500), 4CL (Os01g0901600), prx30 (Os02g0240100), prx38 (Os03g0235000), prx45 (Os03g0368900), prx58 (Os04g0656800), prx72 (Os05g0162000), prx115 (Os07g0677600) and prx117 (Os08g0113000) were significantly down-regulated in osseh1 lines compared with that in WT plants under cold stress (Figure 7). These evidences supported the conclusion that OsSEH1 may play an essential role in the phenylpropanoid biosynthesis pathway in response to cold stress.




Figure 7 | Different accumulation and expression patterns of metabolites and genes related to the phenylpropanoid biosynthesis pathway. Rectangle in the pathway indicates metabolite. The differentially accumulated metabolites are shown in green. The expression levels of genes are shown from yellow to blue (high to low) in the comparison of WT-C vs. osseh1-C. Gene heatmap shows the value of Log 2 (FPKM) in WT (left panel) and osseh1 knock-out lines (right panel). WT-C, WT under cold treatment. osseh1-C, osseh1 lines under cold treatment.





Exogenous ABA increased the cold tolerance of osseh1 knock-out lines

The growth and adaptation to stress of plants are commonly regulated by multiple phytohormones. Meanwhile, we noticed that the DEGs between WT and osseh1 knock-out lines were significantly enriched in regulation of hormone levels and hormone metabolic process (Figure 4A) and we thus speculated that OsSEH1 may play a role in regulation of phytohormones. To verify our speculation, we separately sprayed exogenous indole-3-acetic acid (IAA), 2, 4-Epibrassinolide and abscisic acid (ABA) onto the leaves of WT and osseh1 knock-out lines under cold stress. The cold tolerance of WT plants and osseh1 knock-out lines sprayed with ABA was significantly improved compared with that without exogenous hormone, but not with IAA or 2, 4-Epibrassinolide. To test a potential connection between OsSEH1 and ABA, we further determined that the survival of WT plants increased by 0.70%, 5.56%, 11.11%, -1.39% in the 1 μM, 10 μM, 100 μM and 150 μM ABA treatments, respectively, compared with that of the 0 μM ABA treatment, while those of osseh1 lines were 12.5%, 18.06%, 21.54%, 11.81% respectively (Figures 8A, B). To further verify the sensitivity of WT and osseh1 lines to exogenous ABA, we calculated the germination rates of seeds grown on 0 μM, 1 μM or 10 μM ABA. In the absence of ABA, there was no significant difference between osseh1 mutants and WT plants (Figures 8C, D). However, the germination rates of osseh1 seeds treated with 1 μM and 10 μM ABA were significantly inhibited compared with that of WT plants (Figures 8C, D). These results indicated that osseh1 knock-out lines had ABA hypersensitive phenotypes compared with that WT lines.




Figure 8 | Responses of osseh1 knock-out lines and WT plants to different concentration ABA under cold stress. (A) Phenotypes of osseh1 knock-out lines and WT plants sprayed with different concentration ABA under cold stress. (B) Survival rates of osseh1 knock-out lines and WT plants sprayed with different concentration ABA after cold treatment. (C) Germination phenotype of seeds from osseh1 mutants and WT plants grown on 0, 1 or 10 µM ABA for 4 days after imbibition. (D) Germination rates corresponding to (C). Statistical analysis of (E) soluble sugar, (F) proline content, (G) ROS content. Data represents means ± SEM (n = 3). Scale bars, 5cm.



Further, we measured soluble sugar content, proline content, ROS content, SOD activity, POD activity, APX activity and CAT activity in the leaves treated with different ABA concentrations of WT and osseh1 lines. We measured the endogenous ABA content in the osseh1 knock-out lines and WT plants to verify the effectiveness of exogenous ABA application. The endogenous ABA content of osseh1 knock-out lines was significantly higher than that of WT plants before and after treatment (Supplementary Figure 5A). The content of soluble sugar in WT plants was increased as the ABA concentrations was increased, while it was almost no difference in osseh1 lines under cold stress (Figure 8E). The trends of the proline content in both WT and osseh1 lines showed no difference with the increase in ABA concentration (Figure 8F). The content of ROS in WT plants was increased as the ABA concentrations was increased, while it decreased significantly at the concentration of 1 μM and 10 μM in osseh1 lines (Figure 8G). The activity of SOD in WT increased slowly as the ABA concentrations was increased, reaching a maximum with the spraying of 150 µM*L-1 ABA. In contrast, the activity of SOD in osseh1 lines increase to a maximum with the spraying of 10 µM*L-1 ABA (Supplementary Figure 5B). Interestingly, in WT plants, the activity of POD was decreased as the ABA concentration was increased under cold stress, while it increased in osseh1 plants (Supplementary Figure 5C). The activity of CAT and APX in both WT and osseh1 plants increased with the increase in ABA concentration under cold stress (Supplementary Figures 5D, E). These results suggested that WT and osseh1 knock-out plants differ in the sensitivity to exogenous ABA.




Discussion

Low environmental temperature limits plant growth and development, so plants have evolved multiple response mechanism to adapt to cold stress. However, the mechanisms of perception and response to cold stress in rice remain largely unknown. Therefore, it is of interest to identify the cold-tolerant genes and their regulatory network in cold stress. In previous studies, we presented evidence that OsSEH1 was a potential gene involved in the regulation of cold stress at the seedling stage (Song et al., 2018). In this study, we performed physiological, metabolomic and transcriptomic analyses of the leaves from osseh1 knock-out lines and WT plants under normal and cold condition to understand the regulatory role in the cold stress of rice. Moreover, we provide several lines of evidence that OsSEH1 functions in the oxidation-reduction process to regulate cold tolerance in rice. First, the content of ROS and the activity of antioxidant enzymes showed significant differences between osseh1 knock-out lines and WT plants under cold stress (Figures 1E–I). Second, metabolomics analysis revealed that the contents of large-scale flavonoids serving as ROS scavengers were lower in osseh1 mutants compared to wild type under cold treatment (Figure 3C). Finally, Transcriptome analysis revealed that the DEGs between osseh1 knock-out lines and WT plants were enriched in oxidation-reduction process (Figure 4C).

Nuclear pore complex (NPC), located within invaginations of the nuclear envelope, is the key subcellular structure to ensure the normal working of nuclear function and cell activities. NPC connects cytoplasm and nucleoplasm serving as the only channel for the exchange of macromolecules (Meier and Brkljacic, 2009). NPC is composed of multiple copies of approximately 30 diverse proteins termed nucleoporins (Nups) (Rout et al., 2000; Zimmerli et al., 2021). Up to now, the research on the function of plant nucleoporin is mainly concentrated in Arabidopsis (Lee and Seo, 2015; Zhu et al., 2017; Zhang et al., 2020), and our knowledge on the functions of rice nucleoporins remains poor. In this study, the nucleoporin-encoding gene OsSEH1 play a positive role in cold stress of rice as osseh1 knock-out lines showed significant decreased survival rate compared with that of WT plants after cold treatment (Figure 1A). This study advances our understanding of the function of plant nucleoporins.

Multiple components of physiology and biochemistry, such as photosynthesis, respiration, enzymatic reactions, osmotic potential, secondary metabolism, and nutrient absorption are negatively impacted by cold stress on plants (Balabusta et al., 2016; Wang et al., 2021). As ROS are very sensitive to ambient temperature changes, cold stress usually causes rapid and excessive accumulation of ROS in the cells (Noctor and Foyer, 1998; Xia et al., 2015; Choudhury et al., 2017). To protect the plant cells from oxidative stress and maintain normal cell functions, plants scavenge the excess ROS through diverse antioxidant enzymes, such as SOD, POD, CAT and APX. Interestingly, we noticed that the soluble sugar content, ROS content, CAT activity and APX activity of WT were decreased after cold stress in this study. Further, we found similar results of soluble sugar content (Wang et al., 2022; Xu et al., 2023), ROS content (Wang et al., 2022; Shu et al., 2023) and antioxidative enzyme activity (Wang et al., 2022, Liu et al., Hao et al., 2022; Liu et al., 2022) have been reported in previous studies. This results probably due to the impairment of the physiological metabolic sites of soluble sugar, ROS, CAT and APX by cold stress (Hao et al., 2022). In addition, the soluble sugar content, ROS content, CAT activity and APX activity of plants fluctuated under cold stress (Wang et al., 2022; Xu et al., 2023; Shu et al., 2023), rather than continuous increasing or decreasing, resulting in decreased content or activity of the physiological characteristics in a period of time after cold stress.

Numerous studies have demonstrated that plant response to abiotic stresses by alleviating oxidative stress (Ning et al., 2010; Fang et al., 2015; Zhou et al., 2018; Xiong et al., 2018; Liu et al., 2018; Zhao et al., 2020). For example, overexpression of an ERF family transcription factor (TF), OsLG3, increases drought tolerance by participating in H2O2 homeostasis (Xiong et al., 2018). Increasing the expression of OsLPTL159 enhances rice cold tolerance by minimizing the toxic effects of ROS (Zhao et al., 2020). In this study, the activity of SOD and APX showed a significant difference between osseh1 knock-out lines and WT plants under cold stress (Figures 1F, I). In addition, RNA-seq data analysis showed multiple genes involved in oxidation-reduction process showed different expression levels between osseh1 knock-out lines and wild type under cold stress (Figure 5A). Finally, the accumulation of amino acids, alkaloids, organic acids and lipids showed significant differences between the WT plants and osseh1 mutants, suggesting an imbalance of antioxidation-related compounds metabolism in osseh1 mutants (Figures 3A, C). These results demonstrated that OsSEH1 improve cold tolerance may associated with reducing oxidative stress in cells by regulating the levels of redox genes and effectively scavenging ROS.

In plants, the content of phenylpropanoid and flavonoid metabolite are closely related to the ability to scavenge ROS under adverse environment (Agati et al., 2012). In this study, the results of integration of metabolomic and transcriptomic revealed that the phenylpropanoid and flavonoid biosynthetic pathway were significantly enriched (Figure 6A). Metabolome analysis suggested lower accumulation of phenylpropanoid metabolites was discovered in the leaves of osseh1 knock-out lines compared with that of wild type plants after cold stress, such as phenylalanine, L-tyrosine, caffeoylshikimic acid, luteolin and vitexin (Figure 7). Phenylalanine, the starting component in the phenylpropyl biosynthesis pathway, is essential for all subsequent metabolic processes. Phenylalanine is transformed to t-cinnamic acid by PAL which is an important branch point enzyme regulated at the transcriptional level (Weitzel and Petersen, 2010). The biosynthesis of downstream metabolites, such as phenylpropanoid and flavonoid molecules, is impacted by the decreasing phenylalanine concentration. Some studies have demonstrated that the content of phenylpropanoid metabolites is mainly regulated at the transcriptional level (Liu et al., 2015; Dong and Lin, 2021). Our RNA-Seq data revealed that many genes involved in the phenylpropanoid biosynthesis pathway, including PAL, ANS, 4CL, prx30, prx38, prx45, prx58, prx72, prx115, prx117 and prx137, showed different expression levels between osseh1 knock-out lines and wild type plants at transcriptional level (Figure 7). These transcriptional and metabolic changes might indicate OsSEH1 plays a role in the phenylpropanoid biosynthesis pathway to response to cold stress.

Plant hormones play important roles in the plant responses and resistance to multiple abiotic stresses. As a signal molecule against abiotic stress, ABA plays an important role in regulating multiple stress responses in plants (Li et al., 2020; Takahashi et al., 2020; Wang et al., 2020). Accumulated ABA increases the tolerance of drought stress by inducing closing of leaf stomata to reduce water loss from plants (Guajardo et al., 2016). ABA also increase the content of carbohydrates, ATP, NAD (H), and heat shock proteins to regulate heat stress response (Li et al., 2020). Previous studies indicated that an appropriate increased levels of ABA may be beneficial to improve cold tolerance of plants (Mega et al., 2015; Huang et al., 2016). Consistent with the previous studies, we determined in this study that low concentration of exogenous ABA did increase the cold tolerance of both osseh1 knock-out lines and WT plants, while osseh1 lines had more sensitive phenotypes than WT plants (Figure 8). However, the underlying mechanism of OsSEH1 response to ABA still remains unclear.

In summary, we characterized a function of OsSEH1 as a positive regulator of cold stress. Further, transcriptomic and metabolic profiling revealed that OsSEH1 plays a role in the oxidation-reduction process by coordinately regulating genes expression and metabolite accumulation involved in phenylpropanoid and flavonoid biosynthetic pathway. In addition, osseh1 lines had hypersensitive phenotypes to exogenous ABA compared with WT plants, suggesting that OsSEH1 may mediate cold tolerance by regulating ABA levels. Considering the positive regulation of cold stress by OsSEH1, the manipulation of OsSEH1 expression levels may be a powerful strategy to improve the tolerance to cold stress of plants.
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