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Abstract

:

As one of the most salt-tolerant grasses, characterizing salt-tolerance genes of Zoysia matrella [L.] Merr. not only broaden the theoretical information of salt tolerance, but also provide new salt-resistant genetic resources for crop breeding. The salt-inducible protein disulfide isomerase (ZmPDI) of Zoysia matrella [L.] Merr. was proved to enhance salt tolerance in homologous overexpression transgenic plants. In order to evaluate its potential application in crops, we conducted the salt tolerance evaluation in heterologous overexpression transgenic rice (OX-ZmPDI), Wild-type (WT) rice, and LOC_Os11g09280 (OsPDI, homologous gene of ZmPDI in rice) knock-out rice generated by CRISPR-Cas9 system (CR-OsPDI). Our findings revealed that OX-ZmPDI rice was higher and exhibited longer main root length, more proline (Pro) and malondialdehyde (MDA), and higher peroxidase (POD) activity than WT control after salt treatment, while CR-OsPDI resulted in contrary phenotypes. These results indicated that ZmPDI can significantly enhance the salt tolerance in rice, whereas loss-of-function of OsPDI reduces the salt tolerance. To further investigate these differences at the molecular level, we collected roots from OX-ZmPDI transgenic, CR-OsPDI transgenic, and wild-type (WT) plants at 0 and 24 h after salt treatment for RNA-seq and data-independent acquisition (DIA) proteome sequencing. Combined analysis of the transcriptome and proteome revealed that ZmPDI has the potential to enhance the salt tolerance of rice by modulating the expression of laccase-6, zingipain-2, WIP3, FKBP65, AKR4C10, GBSSII, Pho1, and TRXf1. Those results provided new information for the molecular regulation mechanism by which ZmPDI improves salt tolerance, and prove the potential of ZmPDI for application in crop breeding.
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1. Introduction


Salinization of soil is a global environmental stress that affects approximately 800 million hectares of land, limiting plant growth, crop quantality and quality, as well as hindering the sustainable development of local economics [1]. Salt stress disrupts various physiological processes in plants including osmotic and ionic equilibrium, protein synthesis, photosynthesis, energy and lipid metabolism, all of which result in plant growth limitation, leaf senescence, yield decrease, and even plant mortality [2]. Salt stress tolerance is a complicated process with multiple genes and pathways involved, such as hormonal regulation, signal transduction, photosynthesis pathway, and osmoregulation [1]. Therefore, it is crucial to identify genes that enhance salt tolerance and elucidate the underlying mechanisms.



Grass plays a pivotal role in landscaping, serving as a crucial measure against soil erosion and also providing recreational spaces for leisure and relaxation. Furthermore, certain grass species exhibit remarkable resilience to various abiotic and biotic stresses when compared to numerous crops [3]. Zoysia matrella [L.] Merr. is widely acknowledged as one of the most salt-tolerant grasses [4,5]. The study of the salt-tolerance mechanism and discovery and functional analysis of important salt-tolerance genes in Zoysia matrella [L.] Merr., can provide theoretical information for the understanding of salt resistance, and offer new salt-resistant genetic resources for crop breeding.



Several pieces of research about the salt tolerance of Zoysia species have been conducted. Du et al. cloned a ZjNHX1 from Zoysia japonica L, which acts as a vacuolar Na+/H+ antiporter and plays a crucial role in salt tolerance and ion balance in Zoysia japonica [6]. ZjZFN1, found in Zoysia japonica, was observed to be induced by salt, cold, or ABA treatment. It is assumed that ZjZFN1 may affect the accumulation of reactive oxygen species (ROS) and regulate the transcription of genes related to salinity response [7]. Teng et al. [8], demonstrated that ZjGRP (Glycine-rich RNA-binding proteins) in Zoysia japonica was strongly activated by the treatment of NaCl, ABA, MeJA, and SA. Overexpression of ZjGRP in Arabidopsis resulted in reduced germination rate and seedling growth as well as decreased salinity tolerance. Overexpression of ZjGRP also led to lower expression levels of superoxide dismutase (SOD), and peroxidases (POD) under salinity stress compared to control plants. In an effort to enhance the breeding efficiency for salt-tolerant Zoysiagrass (Zoysia japonica), Guo et al. [9] using the 120 F1 progenies from Z105 (salt tolerant) and Z061 (salt sensitive), constructed a genetic linkage map and identified two quantitative trait loci associated with salt-tolerance. By utilizing a full-length cDNA expression library in yeast cells, Chen et al. [10] identified 16 potential genes involved in Zoysia matrella salt-tolerance mechanisms, involving ion regulation, osmotic adjustment, protein folding/modification, RNA metabolism, and mitochondrial membrane translocase pathways. With the advancement of next-generation sequencing, some researchers have attempted to explore the complete mechanism of salt tolerance by transcriptome, proteome, and metabolome. Xie et al. [11], were the first to report the transcriptome data of Zoysia grass under NaCl-treatment and control. Their finding indicated that various families of transcription factors such as AP2/ERF, MYB, WRKY, NAC, bHLH, and bZIP participate in regulating salt tolerance during the early stage. Genes that were related to ABA, JA, SA, calcium Ion (Ca2+) signaling, and ROS scavenging were also discovered. Similarly, Wang et al. [12], conducted a comparative analysis of the transcriptomes from different time points (0 h, 1 h, 24 h, and 72 h) and different tissues (leaves and roots) under salt treatment between Zoysia japonica Steud. Z004 (salt sensitive) and Z011 (salt tolerant). GO and KEGG analyses revealed that key differentially expressed genes (DEGs) involved in responding to salts stress belonged to auxin and ABA signal transduction pathways as well as WRKY and bHLH transcription factor families and the DUF family. However, the precise mechanism of some salt-tolerant genes in Zoysia species is limited [12].



Protein disulfide isomerase (PDI) belongs to the thioredoxin superfamily of redox proteins. PDI exhibits three catalytic activities, including thiol-disulfide oxireductase, disulfide isomerase, and redox-dependent chaperone activities. It plays diverse roles in various processes by facilitating disulfide formation (oxidation), breakage (reduction), and rearrangement (isomerization) [13,14]. The understanding of PDI’s function in plants is relatively limited compared to mammalian PDIs. AtPDI8 in Arabidopsis has been identified as a transmembrane protein located in the endoplasmic reticulum with thiol-disulfide oxidase activity. It contributes to the production of disulfide bonds through cysteine oxidation [15]. Arabidopsis AtPDI1 participates in the response to abiotic stresses by engaging in thiol-disulfide exchange reactions. Abiotic stresses and exogenous abscisic acid strongly induce AtPDI1 expression. Compared with WT, overexpression of AtPDI1 enhances seedlings’ tolerance to abiotic stresses, while knockdown mutant (pdi1) displays increased sensitivity to abiotic stresses [16,17]. Arabidopsis AtPDI11 was demonstrated to possess oxidoreductase activity in vitro [18]. Arabidopsis overexpressing AtCYO1 exhibits delayed dark-induced senescence [19]. 32 PDI genes were identified in Chinese cabbage (Brassica rapa ssp. pekinensis), among which, 24 BrPDI genes were up-regulated under salt and drought stress conditions, while 14 BrPDIs were up-regulated by biotic stress. Additionally, cold stress induces 10 BrPDIs and ABA stress triggers 9 BrPDIs [20].



In previous research, the PDI of Zoysia matrella [L.] Merr., which encodes a protein-disulfide isomerase, was identified via yeast cDNA library screening and was significantly up-regulated by salt stress [10]. Homologous overexpression of ZmPDI has been found to enhance resistance against salinity stress in Zoysia matrella [L.] Merr. [21]. To gain deeper insights into the role played by ZmPDI in crops, we conducted an assessment of the salinity tolerance levels of ZmPDI-overexpressing, WT, and OsPDI knockout (CR-OsPDI) rice. To further understand the molecular mechanism by which ZmPDI improves salt tolerance in rice, we analyzed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differentially expressed genes (DEGs) and differentially expressed proteins (DEPs) before and after salt treatment, and identified several potential target genes of ZmPDI by combined analysis of transcriptome and proteome.




2. Materials and Methods


2.1. ZmPDI Genetic Heterologous Transformation


The overexpression vector pCambia1305.2-ZmPDI containing the resistance gene Hyg was obtained from Wang et al. [22]. The gRNA target sequence (TCAGGAATACAAGGGCCCG) of the homologous gene OsPDI (LOC_Os11g09280) in rice was synthesized in oligodimers and subsequently inserted into the pYLCRISPR/Cas9-MH vector. The pCambia1305.2-ZmPDI and pYLCRISPR/Cas9-MH-LOC_Os11g09280 were transformed into rice “Nipponbare” via the agrobacterium-mediated method by BIOGLE GeneTech (Hangzhou Biogle Co., Ltd., Hangzhou, China). The overexpression transgenic plants were detected by primers Hyg-F/R (Supplementary Table S1), while the knock-out transgenic plants were detected by primers LOC_Os11g09280-F/R (Supplementary Table S1). The OsActin (GenBank: XM_015774830.2) was used as a housekeeping gene.




2.2. Salt Treatment and Physiological Index Measurement


The transgenic plants of the third generation were selected by geminating seeds in water containing 100 mg/L hygromycin at 30 °C for 3 days. After that, the successful geminating seeds with hygromycin resistance were transplanted into a greenhouse with natural conditions in August in Nanjing. Three OX-ZmPDI transgenic lines (OX1, 3, and 7), 3 OsPDI knock-out transgenic lines (CR2, 3, and 8), and wild-type plants were cultured in a tray (height 4.7 cm, length 4.8 cm, and width 4.8 cm, ×50) filled with cultural substrate. After growing for 10 days, plants were treated with 100 mM NaCl for 2 days, followed by 150 mM NaCl for 2 days. Afterward, plants were treated with 200 mM NaCl for 15 days. The material was treated with 1 L water with 200 mM NaCl per tray every 3 days. The controls were irrigated at the same time with 1 L of water. Three biological replicates with at least five individual plants of each line were performed. The transgenic plants were collected, observed, and measured before and after salt treatment, respectively. The data of each line were analyzed by a One Way ANOVA.



After salt treatments, we collected the plants and subsequently rinsed their roots three times using ddH2O. The plant heights and root lengths were measured. The total contents of MDA and POD activity were measured and calculated using Micro Malondialdehyde (MDA) Assay Kit (BC0025, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) and Micro Peroxidase (POD) Assay Kit (BC0095, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) according to the manufacturer’s instructions. Three biological replicates were tested, and data was subjected to statistical analysis using SPSS statistical software 18.0 (t-test) (SPSS Inc., Chicago, IL, USA). The data of each line were analyzed by a One Way ANOVA.




2.3. RNA-Seq


The roots of OX-ZmPDI transgenic Line 1, knockout CR-OsPDI transgenic Line 8, and wild-type (WT) plants were collected at 0 and 24 h after salt treatment. Each sample at those time points contained three biological replicates and each biological replicate was collected from more than three individual plants. All samples were flash-frozen in liquid nitrogen and stored at −80 °C. A total of 18 RNA samples were extracted to generate 18 cDNA libraries, which were subsequently sequenced on an Illumina HiSeq 2500 platform by Novogene (Novogene Co., Ltd., Tianjin, China). The raw datasets can be accessed in the NCBI repository https://submit.ncbi.nlm.nih.gov/subs/sra/SUB14286942/ (accessed on 4 March 2024). Clean reads were obtained by removing adaptor sequences, ambiguous ‘N’ bases, low-quality reads with padj < 10, and fragments shorter than 20 bp. The transcriptome of OX-ZmPDI transgenic plants, OsPDI knock-out transgenic plants, and wild-type plants were assembled via Hisat2 (v2.0.5) [23] with the Oryza. sativa genome as a reference (https://www.ncbi.nlm.nih.gov/genome/?term=IRGSP-1.0, accessed on 10 September 2019). FPKM (fragment per kilobase of transcript per million mapped reads) values [24] were calculated to assess the expression abundance of genes, and the identification of differentially expressed gene (DEG) was performed by DESeq2 software (1.16.1) [25]) and selected with a |log2(FoldChange)| > 1 and padj < 0.05.




2.4. Tandem Mass Tag-Based Protein Quantification


For tandem mass tag-based (TMT) proteomics analysis, root samples were obtained from the OX-ZmPDI transgenic Line 1, knockout CR-OsPDI transgenic Line 8, and wild-type (WT) plants at 0 and 24 h after salt treatment. Each sample was preserved in liquid, and then lysed by lysis buffer (100 mM NH4HCO3 (pH 8.0), 6 M Urea, 0.2% SDS) and cracked by ultrasonication for 5 min on ice. The lysate was centrifuged at 12,000× g for 15 min at 4 °C to collect the supernatant, and the supernatant was reduced with 10 mM dithiothreitol (DTT) for 1 h at 56 °C, and alkylated with 20 µL 0.5 M iodoacetamide for 1 h in the dark at room temperature. After that, each sample was mixed thoroughly with 4 times the volume of precooled acetone and incubated at −20 °C for at least 2 h. The precipitation of each sample was collected by centrifuging at 12,000× g for 15 min at 4 °C and washed twice with cold acetone, subsequently dissolved by dissolution buffer containing 0.1 M triethylammonium bicarbonate (TEAB, pH 8.5) and 6 M urea. The protein concentration of each sample was determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China), and a 2 μg protein sample from each sample was analyzed by 12% SDS-PAGE gel electrophoresis.



The protein samples were digested using trypsin with a trypsin-to-protein mass ratio of 1:50, and incubated overnight at 37 °C. Subsequently, the peptides were desalted using the Strata X C18 column (Phenomenex, Torrance, CA, USA), vacuum freeze-dried, and thoroughly dissolved with 0.5 M TEAB. The peptides were labeled using the TMT kit instructions (TMT 10 plex™ Isobaric Label Reagent Set, Thermo Fisher Scientific, Waltham, MA, USA). The tryptic peptides were fractionated into fractions using an EASY-nLC™ 1200 UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) with a C18 Nano-Trap column (2 cm × 75 μm, 3 μm) and separated in an analytical column (15 cm × 150 μm, 1.9 μm). The separated peptides were analyzed by Q Exactive HF-X mass spectrometer (Thermo Fisher, Waltham, MA, USA). Full scan ranges from m/z 350 to 1500 with a resolution of 60,000 (at m/z 200). The top 40 precursors of the highest abundant in the full scan were fragmented by higher energy collisional dissociation (HCD) and analyzed in MS/MS.



The resulting spectra from each fraction were searched separately against Oryza. sativa genome (https://www.ncbi.nlm.nih.gov/genome/?term=IRGSP-1.0, accessed on 10 September 2019) database by the search engines: Proteome Discoverer 2.2 (PD 2.2, Thermo). The identified protein was further filtered by retaining the Peptide Spectrum Matches with >99% credibility and proteins contain at least 1 unique peptide with FDR no higher than 1.0%. Reporter Quantification (TMT 10-plex) was used for TMT quantification. The protein quantitation results were statistically analyzed by the Mann-Whitney Test, to identify proteins that exhibited significant differences between salt-treated samples and control samples. Differentially expressed proteins (DEPs) were identified as those with p-value < 0.05 and |log2FC| ≥ 1.2.




2.5. Bioinformatics Analysis and qRT-PCR Validation


The functions of DEGs and DEPs were annotated in the GO (Gene Ontology), KEGG (Kyoto Encyclopedia of Genes and Genomes), and Clusters of Orthologous Groups of proteins (COG) databases. The significantly enriched GO functional categories and KEGG pathways of DEGs and DEPs were identified via clusterProfiler R package (3.3.4) [26] with padj < 0.05 and Interproscan 5 software (http://code.google.com/p/interproscan/, accessed on 10 September 2019) [27] with a p-value < 0.05, respectively.



Five DEGs were selected randomly to assess the reliability of transcriptomic data. The primers of these 5 genes were designed by Primer Premier 5.0 software and listed in Supplementary Table S1. The qRT-PCR validation was performed with three biological replicates per sample on the ABI 7300 system. The OsActin gene was used as an internal control [28]. The relative transcriptional levels were calculated using the 2−ΔΔCt method [11].





3. Results


3.1. The Physiological Response of the Transgenic Plants and WT to Salt Stress


Several ZmPDI-overexpressing transgenic plant lines and OsPDI knock-out transgenic plant lines were obtained and determined by PCR to be positive for corresponding gene modification. Mutation of the target site in OsPDI knock-out transgenic plant lines were ascertained by sequencing (Supplementary Figure S1). Three overexpressing transgenic lines (OX-1, OX-3, and OX-7), three knock-out transgenic lines (CR2, CR3, and CR8), and wild type (WT) were selected to be used in the measurement of salt tolerance. After 200 mM NaCl treatment for 15 days, the leaf tips became dry and withered, and the situation of OsPDI knock-out transgenic plant lines were more severe than WT, whereas the situation of ZmPDI-overexpressing transgenic plant lines were less severe than WT. The OsPDI knock-out transgenic plant lines were lower than WT, whereas the ZmPDI-overexpressing transgenic plant lines were higher than WT. The main root length of WT was shorter than that of ZmPDI-overexpressing transgenic plant lines and longer than that of OsPDI knock-out transgenic plant lines. Under the control condition, the differences between OsPDI knock-out transgenic plant lines, ZmPDI-overexpressing transgenic plant lines and WT were not distinguished (Figure 1a–d).



After salt treatment, there was an increase in proline (Pro) content in all plants. However, ZmPDI-overexpressing transgenic plants exhibited higher Pro content as compared to WT, whereas OsPDI knock-out transgenic plants displayed lower Pro content than that of WT plants (Figure 1e). The MDA content of OsPDI knock-out rice was much higher than that of WT and ZmPDI-overexpressing transgenic plants (Figure 1f). We also detected the POD activity of ZmPDI-overexpressing rice, OsPDI knock-out rice, and WT rice before and after salt treatment, respectively. The results suggested that before salt treatment, the POD activity in ZmPDI-overexpressing rice, OsPDI knock-out rice, and WT range from 30,000–35,000 U/g, and there is no POD activity difference among them. After the salt treatment, the POD activity in all plants decreased, but the POD activity in ZmPDI-overexpressing rice was higher than that in WT and OsPDI knock-out rice (Figure 1g). These findings suggested that overexpression of ZmPDI improved the tolerance of rice to salt stress.




3.2. Transcriptome Sequencing of the ZmPDI-Overexpressing Rice, OSPDI Knock-Out Rice, and WT Rice


Previous results showed that treating with salt for 24 h is a crucial time [12]. So, we collected root samples from OsPDI knock-out rice, ZmPDI-overexpressing rice, and WT rice for RNA-seq and proteome analysis at 0 h and 24 h after exposure to 200 mM NaCl. A total of 18 samples were sequenced using the HiSeq™ 2000 sequencing platform. 9.5 billons reads were obtained, of which 9.3 (98%) billons were confirmed as clean reads. Reads with Base Q > 30 range from 93.75% to 94.36% (Supplementary Table S2). We mapped the reads to the rice genomes (https://www.ncbi.nlm.nih.gov/genome/?term=IRGSP-1.0, accessed on 10 September 2019) as references via Hisat2 (v2.0.5) software [23]. About 93.02% to 96.91% of clean reads can map to the rice genome, and 91.2–95.24% of clean reads can map to the unique site of the rice genome. In addition, multiple-mapped reads constituted 1.5–2.16% of the total clean reads, and splice-mapped reads constituted 24.8–30.84% of the total clean reads (Supplementary Table S3). Furthermore, most of the total clean reads were mapped to exons (92.47–93%), followed by introns (3.28–4%) and intergenic regions (2.65–3.47%) in the reference genome (Supplementary Table S4).



To verify the reliability of transcriptome analysis, we employed real-time PCR analysis to validate the expression levels of five randomly selected genes in rice. For example, the expression level of gene 4352829 in ZmPDI-overexpressing rice was 2.1 times that in WT rice, while the expression level of gene 9266373 in ZmPDI-overexpressing rice was 2.9 times that in WT rice. The expression levels of gene 4328687, 4326077, and 4326565 in OsPDI knock-out rice were 1.9, 2.2, and 2.1 times those in WT rice (Supplementary Figure S2). The results demonstrated a consistent correlation between the real-time PCR results and transcriptome analysis, affirming the reliability of the transcriptome analysis results. After salt treatment, 1534 genes (811 up-regulated and 723 down-regulated), 5045 genes (2479 up-regulated and 2566 down-regulated) and 1147 genes (612 up-regulated and 535 down-regulated) were differently expressed significantly in WT_24h vs. WT_0h, OX_24h vs. OX_0h, CR_24h vs. CR_0h comparisons, respectively (Figure 2a). The number of up-regulated genes was comparable to that of down-regulated genes in all three comparisons. In addition, there were 470, 192, and 476 DEGs shared in OX_24h vs. OX_0h and WT_24h vs. WT_0h, CR_24h vs. CR_0h and WT_24h vs. WT_0h, and OX_24h vs. OX_0h and CR_24h vs. CR_0h, respectively (Figure 2b). Transcription factor analysis showed that the top 3 transcription factor families, that DEGs belonged to, were basic/helix-loop-helix (bHLH), AP2/ERF, and WRKY transcription factor families (Supplementary Figure S3).




3.3. GO and KEGG Analysis of DEGs in ZmPDI-Overexpressing Rice, OsPDI Knock-Out Rice, and WT Rice in Response to Salt Stress


To functionally characterize DEGs, we utilized clusterprofiler software R package (3.3.4) to assign GO terms and identify significant GO classifications for each comparison (padj < 0.05). Thirty, 18, and 7 GO terms were significantly enriched in OX_24h vs. OX_0h, WT_24h vs. WT_0h, and CR_24h vs. CR_0h comparison, respectively. Five GO were common in OX_24h vs. OX_0h, CR_24h vs. CR_0h and WT_24h vs. WT_0h comparisons: ‘heme binding’ (GO:0020037), ‘tetrapyrrole binding’ (GO:0046906), ‘hydrolase activity, hydrolyzing O-glycosyl compounds’ (GO:0004553), ‘hydrolase activity, acting on glycosyl bonds’ (GO:0016798) and ‘oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen’ (GO:0016705). There were 12 and 25 unique GO terms in OX_24h vs. OX_0h and WT_24h vs. WT_0h comparison, respectively. Among the 25 unique GO terms in OX_24h vs. OX_0h comparison, 4 were relative to stress response: ‘peroxidase activity’ (GO:0004601), ‘oxidoreductase activity, acting on peroxide as acceptor’ (GO:0016684), ‘antioxidant activity’ (GO:0016209) and ‘response to abiotic stimulus’ (GO:0009628). These results indicated that the overexpression of ZmPDI can trigger more genes which involved in stress response. Eight cell wall-related GO terms and 6 unique GO terms that were involved in the gene transcription process were found to be enriched only in OX_24h vs. OX_0h comparison, but not in CR_24h vs. CR_0h or WT_24h vs. WT_0h comparison. (Figure 3a–c and Supplementary Table S5).



Among the top 20 KEGG pathways in OX_24h vs. OX_0h, CR_24h vs. CR_0h, and WT_24h vs. WT_0h comparison, most of them (16, 16, and 17 of 20 in OX_24h vs. OX_0h, CR_24h vs. CR_0h and WT_24h vs. WT_0h comparison, respectively) were related to metabolism. Only 3 pathways were common in OX_24h vs. OX_0h, CR_24h vs. CR_0h, and WT_24h vs. WT_0h comparison: ‘Starch and sucrose metabolism’ (osa00500), ‘Phenylpropanoid biosynthesis’ (osa00940) and ‘Diterpenoid biosynthesis’ (osa00904); while 6 pathways were shared in CR_24h vs. CR_0h and WT_24h vs. WT_0h comparison; and 3 pathways were shared in OX_24h vs. OX_0h and WT_24h vs. WT_0h comparison. The remaining 4 KEGG pathways were unique in OX_24h vs. OX_0h comparison: ‘Plant hormone signal transduction’ (osa04075), ‘DNA replication’ (osa03030), ‘ABC transporters’ (osa02010) and ‘Base excision repair’ (osa03410). However, not all the remaining 3 or 4 KEGG pathways in WT_24h vs. WT_0h or CR_24h vs. CR_0h comparison were unique (Figure 3d–f and Supplementary Table S6).




3.4. Proteome Sequencing of the ZmPDI-Overexpressing Rice, OSPDI Knock-Out Rice and WT


For future analysis of the mechanism by which ZmPDI is involved in the response to salt stress, we conducted proteome sequencing of the ZmPDI-overexpressing rice, OsPDI knock-out rice, and WT rice before and after salt treatment. A total of 9520 proteins were identified, with 9516 (99.9%) being annotated to at least one of the GO, KEGG, IPR, and COG libraries (Supplementary Figure S4).



Using the screening criterion of fold-change ≥ 1.2/fold-change ≤ 0.83 and a p-value ≤ 0.05, there were 632 up-regulated proteins and 587 down-regulated proteins in OX_24h vs. OX_0h comparison. Two hundred and fifty seven and 333 proteins were respectively up-regulated and down-regulated in the WT_24h vs. WT_0h comparison; 142 up-regulated proteins and 219 down-regulated proteins were identified in the CR_24h vs. CR_0h comparison (Figure 4a, Supplementary Figure S5 and Supplementary Table S7). The OX_24h vs. OX_0h comparison has the most DEPs, followed by WT_24h vs. WT_0h comparison and CR_24h vs. CR_0h comparison. The number of up-regulated proteins was comparative to that of down-regulated proteins in all three comparisons (Figure 4a). Half of the DEPs in the 3 comparisons were located in the cell membrane, cytoplasm, and nucleus (Supplementary Figure S6).




3.5. GO and KEGG Analysis of Different Expression Proteins in ZmPDI-Overexpressing Rice, OsPDI Knock-Out Rice, and WT in Response to Salt Stress


To provide further insights into the functional changes after salt treatment, the differentially expressed proteins in each comparison were assigned to gene ontology (GO) annotation for functional categories analysis. In the WT_24h vs. WT_0h comparison, the DEPs were enriched into 36 GO terms significantly (p-value ≤ 0.05), and 13, 20, and 3 terms were classified into BP (Biological Process, BP), MF (Molecular Function, MF), and CC (Cellular Component, CC) subcategories, respectively. DEPs were enriched into 25 GO groups in CR_24h vs. CR_0h comparison (p-value ≤ 0.05); 9, 13, and 3 terms of which belonged to BP, MF, and CC subcategories, respectively. While DEPs were enriched significantly into 84 GO groups in OX_24h vs. OX_0h comparison (p-value ≤ 0.05), 34, 45, and 5 terms were classified into BP, MF, and CC subcategories, respectively (Figure 4b–d).



Among the top 20 GO terms in each comparison, only 4 GO terms in the OX_24h vs. OX_0h comparison were shared with the other two comparisons. Among the 16 unique GO terms, 3 GO terms were related to stress: ‘response to oxidative stress’ (GO:0006979), ‘response to stress’ (GO:0006950), and ‘response to stimulus’ (GO:0050896); 6 GO terms were related to oxidoreductase activity or catalytic activity: ‘antioxidant activity’ (GO:0016209), ‘oxidoreductase activity, acting on peroxide as acceptor’ (GO:0016684), ‘oxidoreductase activity’ (GO:0016491), ‘peroxidase activity’ (GO:0004601), ‘catalytic activity’ (GO:0003824) and ‘heme binding’ (GO:0020037); 6 GO terms were related to metabolic process: ‘single-organism metabolic process’ (GO:0044710), ‘metabolic process’ (GO:0008152), ‘carbohydrate metabolic process’ (GO:0005975), ‘acid phosphatase activity’ (GO:0003993), ‘phosphoenolpyruvate carboxykinase activity’ (GO:0004611) and ‘endopeptidase activity’ (GO:0004175) (Figure 4b–d and Supplementary Table S8). We also analyzed all the significantly enriched GO terms in OX_24h vs. OX_0h (84 GO terms), CR_24h vs. CR_0h (25 GO terms), and WT_24h vs. WT_0h (35 GO terms) comparison. Among the 76 unique GO terms in the OX_24h vs. OX_0h comparison, 15 GO terms were involved in the major ROS-scavenging mechanisms through which plants can scavenge the harmful ROS induced by stress. Thirty-four GO terms were related to the energy metabolism process and 7 unique GO terms were related to ‘transporter activity’ or ‘transporter’ (Figure 4 and Supplementary Table S9).



The DEPs in OX_24h vs. OX_0h, CR_24h vs. CR_0h, and WT_24h vs. WT_0h after salt treatment were mapped to KEGG pathways of Oryza sativa. The DEPs in OX_24h vs. OX_0h, CR_24h vs. CR_0h, and WT_24h vs. WT_0h comparison were involved in 74, 47, and 61 KEGG pathways, respectively. Comparing the top 20 KEGG pathways in OX_24h vs. OX_0h, CR_24h vs. CR_0h and WT_24h vs. WT_0h comparison, 3 KEGG pathways were common in those three comparisons; 2 other KEGG pathways were shared among OX_24h vs. OX_0h and WT_24h vs. WT_0h comparison; while 1 KEGG pathways (except the 3 common KEGG pathways) were shared in CR_24h vs. CR_0h and WT_24h vs. WT_0h comparison. Three out of 9 unique KEGG pathways in OX_24h vs. OX_0h comparison were involved in carbohydrate metabolism: ‘Carbon fixation in photosynthetic organisms’ (map00710), ‘Starch and sucrose metabolism’ (map00500) and ‘Glycolysis/Gluconeogenesis’ (map00010), 3 unique KEGG pathways were related to amino acid metabolism: ‘Phenylalanine, tyrosine and tryptophan biosynthesis’ (map00400), ‘Arginine and proline metabolism’ (map00330) and ‘Alanine, aspartate and glutamate metabolism’ (map00250); the remaining 3 KEGG pathways were ‘Peroxisome’ (map04146), ‘Tropane, piperidine and pyridine alkaloid biosynthesis’ (map00960) and ‘Isoquinoline alkaloid biosynthesis’ (map00950). Except for ‘Tropane, piperidine, and pyridine alkaloid biosynthesis’ (map00960) and ‘Isoquinoline alkaloid biosynthesis’ (map00950), these KEGG pathways were all significantly enriched (Figure 5 and Supplementary Table S10).




3.6. Combination Analysis of Transcriptome and Proteome Sequencing


In the OX_24h vs. OX_0h comparison, the number of genes that showed significant expression difference both in transcriptional and translational levels was 489, much more than those in the other two comparisons (Figure 6a–c). Genes with consistent tendency at RNA and protein level in 3 comparisons were selected for the combined analysis. Three hundred and two (162 were up_up, 140 were down_down), 82 (59 were up_up, 23 were down_down) and 42 (14 were up_up, 28 were down_down) showed the same regulation pattern at transcriptional and translational level in OX_24h vs. OX_0h, WT_24h vs. WT_0h and CR_24h vs. CR_0h comparison, respectively (Figure 6d and Supplementary Table S11). The number of genes with an up_up regulation pattern in OX_24h vs. OX_0h and WT_24h vs. WT_0h is more than that with a down_down regulation pattern, but in CR_24h vs. CR_0h, the results were opposite (Figure 6d and Supplementary Table S11). In OX_24h vs. OX_0h, these 302 genes were enriched into 21 GO terms and 16 KEGG pathways. In WT_24h vs. WT_0h, these 82 genes were enriched into 18 GO terms and 12 KEGG pathways. While in CR_24h vs. CR_0h, these 42 genes were enriched into 8 GO terms and 5 KEGG pathways (Supplementary Figure S7 and Supplementary Table S11).



In total, 377 DEGs (p-value < 0.05) were selected from the OX_24h vs. OX_0h and WT_24h vs. WT_0h comparisons, including 192 DEGs had consistent expression trends in their RNA levels and protein levels. We set a selection criterion of |log2[FC(OX_24h/OX_0h)/FC(CK_24h/CK_0h)]| > 1 and scanned the 192 DEGs selected from the OX_24h vs. OX_0h and WT_24h vs. WT_0h comparisons. Eighty-three DEGs were selected due to the significant differences between OX_24h vs. OX_0h and WT_24h vs. WT_0h comparisons at the RNA or proteome levels, including 8 DEGs significantly different both at the RNA and proteome levels (Supplementary Table S12).



One hundred and twenty-two DEGs (p-value < 0.05) were selected from the CR_24h vs. CR_0h and WT_24h vs. WT_0h comparisons, among which 61 DEGs had consistent expression trends in their RNA levels and protein levels. With the condition |log2[FC(OX_24h/OX_0h)/FC(WT_24h/WT_0h)]| > 1, 61 DEGs selected above were scanned, 24 DEGs showed significant differences between CR_24h vs. CR_0h and WT_24h vs. WT_0h comparisons, but none of them was significantly different both at the RNA and proteome levels (Supplementary Table S13). So, the 8 DEGs showed significant differences between OX_24h vs. OX_0h and WT_24h vs. WT_0h comparison may be the putative targets of ZmPDI.



Among the 8 DEGs significantly different, both at the RNA and proteome levels between OX_24h vs. OX_0h and WT_24h vs. WT_0h comparisons, 4 (4334171, 4338987, 4343010, and 107276064) had consistent trends in OX_24h vs. OX_0h and WT_24h vs. WT_0h comparisons, including 3 (4334171, 4338987 and 4343010) were down-regulated and 1 (107276064) was upregulated; while the other 4 DEGs showed inconsistent trends, including 3 (4324320, 4327925 and 4350821) were down-regulated in OX_24h vs. OX_0h comparisons and up-regulated in WT_24h vs. WT_0h comparisons, and the other 1 (107276446) showed the opposite trends (Table 1).





4. Discussion


4.1. Overexpression of ZmPDI Can Enhance the Salt Tolerance of Rice, While Loss-of-Function of OsPDI in Rice Leads to Reduced Salt Tolerance


It was verified that heterologous expression of ZmPDI in yeast and homologous expression of ZmPDI in Z. matrella can enhance salt tolerance [10,21]. However, whether such enhancement can be further verified in other species is uncertain. In this study, compared with WT, overexpression of ZmPDI in rice improved the salt tolerance significantly with higher plant height and longer roots, while loss-of-function of OsPDI reduced salt tolerance with lower plant height and shorter roots. Malondialdehyde (MDA) is the main product of membrane lipid peroxidation under salt stress, and its content reflects the degree of cell membrane damage [29]. Under salt stress, the MDA content in OsPDI knock-out rice plants was higher than that in WT and ZmPDI-overexpressing rice. Salt stress induces multiple constraints on plants and inhibits plant growth, even leading to plant death. The first one is osmotic stress, which compromises plants’ water take-up ability. To deal with the osmotic stress, plants accumulate compatible osmolytes such as proline, hydroxyproline, glycine betaine, sugars, and polyamines [30,31,32], of which proline is the dominant osmotic compatible solute under salt stress [33]. Furthermore, proline also takes part in stabilizing proteins and membrane structures, and the ROS scavenger process [34]. In our study, the proline accumulation in ZmPDI-overexpressing rice was higher than that in WT, and proline accumulation in OsPDI knock-out rice plants was less than that in WT under salt stress, indicating that overexpression of ZmPDI increased salt tolerance by accumulating more proline.



Oxidative stress is another consequence of salt stress. Reactive oxygen species (ROS), resulting from oxygen activation, act as signal molecules to regulate multiple biological at low concentrations [2], but lead to damage in the cytoplasmic membrane, irreversible dysfunction of metabolic, cell death [35], and protein oxidation [36] at high concentrations. Plants have evolved both enzymatic (for example superoxide dismutases, (SOD), catalases (CAT), and peroxidases (POX, POD)) and non-enzymatic (low molecular mass antioxidants like ascorbate (ASC) and reduced glutathione (GSH)) mechanisms for ROS scavenging. As one of the ROS-scavenging enzymes, POD plays a role in enhancing the salt tolerance of plants by eliminating excess ROS [37]. Under salt stress, the POD content of ZmPDI-overexpressing rice was higher than that of WT and OsPDI knock-out rice, suggesting that increased POD content may be another way to enhance salt tolerance in ZmPDI-overexpressing rice. These findings indicated that ZmPDI enhances the salt tolerance of plants by adjusting osmotic balance and reducing oxidative stress.




4.2. ZmPDI May Enhance Salt Tolerance in Rice by Regulating Laccase-6, Zingipain-2, WIP3, FKBP65, AKR4C10, GBSSII, Pho1, and TRXf1


Plant laccases play a crucial role in the process of lignification by facilitating the oxidating of monolignols to polymerization into dehydrogenation polymers (DHPs). This process is essential for the normal differentiation and function of specific cell types [38]. The expression of OsLACs can be induced by multiple factors, including hormones, salt, drought, and heavy metal stresses. It was reported that salt stress induced the expression of OsLAC7 and OsLAC19 in tolerant japonica rice agami [39]. Four, 12, 22, 26, 27, 28, and 49 LAC genes in Physcomitrella patens, Amborella trichopoda, Zea mays, Ricinus communis, Vitis vinifera, Triticum aestivum, and Glycine max were identified, both soybean and maize LACs exhibit response to different external abiotic and biotic stressors [40]. Previous results indicated that miR857 represses the expression of AtLAC7 posttranscriptionally, negatively regulating laccase activity. Compared with the wild type Arabidopsis, knocking down of miR857 resulted in increased AtLAC7 expression, higher lignin content in secondary xylem cells, further tightly arranged cells, larger cell diameter of the secondary xylem, and thicker secondary cell wall in the stems [41]. It was demonstrated that overexpression of ZmLACCASE9 (ZmLAC9), or knockout of its upstream negatively regulation genes: MIR408a or MIR408b, increased the accumulation of lignin, thickened the walls of pavement cells, and improved salt tolerance of maize [42]. In this study, Oslaccase-6 (107276446) was up-regulated in OX_24h vs. OX_0h, but down-regulated in WT_24h vs. WT_0h both at protein and RNA levels, these findings suggested that ZmPDI may enhance resistance to salt stress by inducing the Oslaccase-6 level to affect the morphology of xylem.



Zingipain-2 (107276064) putative encodes a cysteine protease but was not included as a member of the papain-like cysteine proteases (PLCPs) family ((peptidase subfamily C1A)) of rice in the previous research [43]. Based on the high similarity between zingipain-2 and members of OsPLCPs (similarity: 58.28% with OsCP26, 54.89% with OsCP31, 59.23% with OsCP32) and the consistency of two conserved domains: inhibitor I29 domain (aa:44-100) and the peptidase C1A domain (aa:133-352) (http://www.ebi.ac.uk/merops/, accessed on 22, February, 2024), we proposed that zingipain-2 is one of the Peptidase subfamily C1A members. Moreover, zingipain-2 located between OsCP26 and OsCP32 at chromosome 9 and OsCP26/OsCP31/OsCP32 were considered as tandem duplicates, so we considered zingipain-2/OsCP26/OsCP31/OsCP32 as tandem duplicates [43]. Papain-like cysteine proteases play a role in multiple physiological processes such as tapetal programmed cell death (PCD) [44,45], biotic stress [46,47], abiotic stresses [48], and seed germination [49,50,51], male organ development [52,53,54,55]. For salt stress, certain PLCPs have been found to participate in the response to salt and osmotic stress, for example, AtRD21A and AtRD19A in Arabidopsis [56], Cyp15a in pea [57], TaCP in wheat [58]. Almost half of OsCPs in rice were up-regulated and only OsCP32 was down-regulated [43], most CaPLCPs in pepper [59] were up-regulated by salt stress. However, only a few researches studied the mechanism of PLCPs involved in salt stress. Overexpression of CaCP34 increased pepper’s resistance to leaf senescence induced by salt and osmotic stress by regulating the antioxidant system [59]. CaCP15 negatively regulates salt and osmotic stress resistance in pepper by reducing the ROS-scavenging enzyme activities [60]. CaCP34 and CaCP15 in pepper regulate the salt tolerance, although in inverse trends, but both in ROS scavenging-related pathways. zingipain-2 was up-regulated both in OX_24h vs. OX_0h and WT_24h vs. WT_0h, both at protein and RNA level, but the up-regulation degree in OX_24h vs. OX_0h was higher than WT_24h vs. WT_0h, indicating that zingipain-2 is a positive regulator in salt stress, and ZmPDI may enhance salt tolerance by up-regulating zingipain-2.



FK506 binding proteins (FKBPs) gene family is an import group of peptidyl-prolyl isomerases, play roles in protein folding processes, and is involved in vital processes in a broad range of organisms, such as viruses, bacteria, fungi, plants, and animals [61,62]. The FKBPs form large protein families (23 isoforms in Arabidopsis thaliana [63], 24 in maize [64], and 29 in Oryza sativa [65]), and play roles in cell signaling, stress response, photosynthesis, and gene transcription. Some FKBPs are vital for plant physiology while others seem to be functionally redundant. The function of FKBPs exhibited diversity and complexity [66]. The salt stress response has been observed only in a limited number of FKBPs, with their mechanisms remain poorly elucidated. PaFKBP12 in Polytrichastrum alpinum (alpine haircap moss) was proved to be involved in development and stress responses, its expression was induced by heat and abscisic acid. Transgenic Arabidopsis with PaFKBP12 ectopic expression displayed improved resistance to salt and drought stresses [67]. The overexpression of the thermophilic microalga Scenedesmus FKBP12 (Sce.FKBP12) in E. coli enhanced the tolerance to heat and salt stress [68]. OsFKBP12 negatively regulated both biotic and abiotic stress responses by interacting with an ancient unconventional G-Protein, OsYchF1, and ectopic expression of OsFKBP12 in Arabidopsis increased salt sensitivity, while Atfkbp12 mutants exhibited higher salt tolerance [69]. ROF1 plays a crucial role in the osmotic/salt stress responses during Arabidopsis thaliana germinating through a phosphatidylinositol-phosphate related protein quality control pathway by interacting with phosphatidylinositol-3-phosphate [PI(3)P] and phosphatidylinositol-3,5-bisphosphate [PI(3,5)P2]. Plants over-expressing ROF1 (WSROF1OE, AT3G25230), exhibited increased germination under salt stress, while rof1(−) knock out mutants and double mutants of ROF1 ROF2 (WSrof1(−)/2(−)) showed reduced germination under salt stress [70]. During heat stress response, although with high homology (85%), ROF1 and ROF2 play antagonistic role. ROF1 enhances the transcription activity of HsfA2, while ROF2 abrogates this activity, when co-expressed with ROF1. This result was in accordance with the phenotype observed in ROF1 over expressor plants and rof2 silenced plants: rof2 silenced plants increases thermotolerance similar to ROF1 overexpressors plants. A module was proposed in which ROF2 transcribed by HsfA2, contributes to acquired thermotolerance through its interaction with ROF1 and negatively modulates HsfA2 in a feedback mechanism [71]. Similarly, mammalian FKBP52 and FKBP51 (homologues of ROF1/ROF2), which share 75% sequence identity, were found to possess different functions [72,73]. In addition to thermotolerance, several findings indicated that HsfA2 participates in multiple stress responses. For example, Hsf was demonstrated to be related to oxidative stress [74]. HsfA1b was proved to participate in regulating the expression of APX2, which encodes an important cytosolic ascorbate peroxidase that can eliminate hydrogen peroxide in the cytosol [75], and HsfA4a has been identified as a potential sensor molecule involved in the perception of H2O2 in plants [76]. AtHsfA2 plays a vital role in oxidative stress responses [77]. High-level overexpression of the Arabidopsis HsfA2 gene leads to increased salt/osmotic stress tolerance and promotes callus growth [78]. In the OX_24h vs. OX_0h comparison in this study, FKBP65, a peptidyl-prolyl cis-trans isomerase encoded by FKBP65 (4327925) was down-regulated significantly both at protein and RNA level, but not in WT_24h vs. WT_0h and CR_24h vs. CR_0h comparison. Based on these, we boldly proposed that overexpression ZmPDI down-regulates peptidyl-prolyl cis-trans isomerase FKBP65, resulting in increased HsfA2, and then enhancing the salt tolerance.



The chitinases in plants are typically characterized by their endochitinase activity, which cleaves the chitin randomly [79]. Because chitin, the substrate of chitinase, is the main component of many fungal walls. Chitinases are frequently regarded as pathogenesis-related (PR) proteins, and their activity can be triggered by biotic stress, such as fungal, bacterial, and viral infections, and also by abiotic stress, such as wounding, salicylic acid, ethylene, auxins, and cytokinins, heavy metal, heat shock, UV light, salts and plant cell wall components [79,80,81,82]. Ectopic expression of a sugarcane chitinase gene, ScChi, promoted the growth of E. coli cells under NaCl, CuCl2, CdCl2 and ZnSO4 treatments [83]. Overexpression of pschit33, pschit42, and pschit33 X 42 from T. harzianum strain CECT2413 conferred transgenic tobacco with increased resistance to salt, Cu, and Cd stress. [84]. RNA-seq method profile revealed a significant up-regulation of Chitinase DEGs in Vicia faba salt-tolerance variety Y134 under salt treatment during the seed germination stage [85]. PR-3 and PR-4, two proteins that possess endochitinase activities in Arabidopsis, were reported to have contrary functions during seed germination. Under high salt stress, the pr-3 mutant exhibited an obvious decrease in the rate of seed germination. Similarly, PR4 overexpression transgenic seeds also displayed a significant reduction in germination percentage. Conversely, the rate of seed germination of pr-4 mutant was found to be marginally higher than that of control seeds when exposed to high NaCl [86]. Some chitinases in Ammopiptanthus nanus, such as EVM0022783, EVM0020238, and EVM0003645, exhibit significant upregulation in response to low temperature and osmotic pressure [87]. In this study, WIP3 (4350821), which was homologous to pathogenesis-related 4 in Arabidopsis, PR-4 type protein in grapevine, and chitinase33 in maize, was down-regulated significantly both at protein and RNA level in OX_24h vs. OX_0h comparison, but not in WT_24h vs. WT_0h and CR_24h vs. CR_0h comparison, indicated WIP3 is a negative factor of salt tolerance.



Suppression of the expression of GBSSI and GBSSII by salt stress resulted in the inhibition of granule-bound starch synthase (GBSS) activity and led to decreased starch content in rice leaves [88]. The salt-tolerant rice cultivar Pokkali, showed a notable increase in starch concentration under salt stress when compared to the salt-sensitive cultivar KDML 105 [89]. The transgenic OsCam1–1 over-expressing KDML105 rice exhibited a significant reduction in starch levels and improved maintenance of sucrose levels by up-regulating starch degradation genes and down-regulating several genes related to starch biosynthesis pathways [90]. Sucrose, can be cleaved to generate ADP-glucose or UDP-glucose, and is involved in starch polymerization [91], as well as in salt response by acting as an important compatible osmolyte [30]. The starch plastidial phosphorylase (Pho1) was reported to interact with OsDpe1 to form a protein complex and plays a vital role in the initiation of starch synthesis and the maturation of starch granules in developing rice seeds. The absence of Pho1 resulted in the accumulation of smaller starch granules and alterations in the amylopectin structure within rice endosperm [92,93]. STA4 encodes a plastidial phosphorylase, a mutation in STA4 led to significantly reduced starch content, causing an atypically shaped granules with structurally altered amylopectin and a high amylose content in the unicellular green alga Chlamydomonas reinhardtii [94]. Therefore, the starch plastidial phosphorylase (Pho1) may be involved in the salt response process by modulating the starch synthesis.



Calvin cycle is the essential process of photosynthetic carbon fixation in the chloroplast, generating glyceraldehyde-3-phosphate (G-3-P). G-3-P can be utilized for the synthesis of hexose sugars and subsequent production of starch. Thioredoxin F (Trx f1-2) is one of five types (Trx f, m, x, y, and z) Trx enzymes in chloroplasts. Trx F specifically or preferentially modulates the activity of all redox-sensitive enzymes involved in Calvin cycle, including 3-phosphoglycerate kinase (PGK), FBPase, sedoheptulose-1,7-bisphosphatase (SBPase), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and phosphoribulokinase (PRK) [95,96,97,98,99,100]. The introduction of TrxF1 enhanced enzymatic activity and promoted the growth of complemented strains of SBP/FBPase mutant strains [101]. Several TRXfs were reported to be down-regulated by salt stress. For example, TRXf expressing Arabidopsis thaliana exhibited a subtle inclination towards reduced expression in the response process to almost all stress, including salt stress [102]. Longer (3 days) periods of salt stress down-regulated the expression of TRXf in the leaves and roots of pea, whereas shorter periods (1 day) of salt stress up-regulated TRXf in the pea leaves [103]. Under a longer period (12 days) of salt stress, the expressions of PRXs and TRXf decreased in tomato leaves, although the protein level of TRXf was triggered by both salt and melatonin [104]. Loss-of-function of OsPDI rice mutant T3612 exhibited decreased activity of plastidial phosphorylase and pullulanase, along with an increase in soluble starch synthase I and ADP-glucose pyrophosphorylase, as well as small-size grains with a floury endosperm. However, the salt tolerance valuation of T3612 has not been conducted [105]. In our research, OsPho1 (plastidial phosphorylase 1) (4334171) and OsGBSSII (granule-bound starch synthase 1b) (4343010) were down-regulated after salt treatment in 3 comparisons, and their downregulation was more obvious in OX_24h vs. OX_0h comparison. TRXf1 (4324320) was down-regulated after salt treatment in OX_24h vs. OX_0h comparison but was slightly up-regulated in WT_24h vs. WT_0h and CR_24h vs. CR_0h comparisons. These results indicated that ZmPDI may suppress the OsPho1, TRXf1, and OsGBSSII activity and, therefore, suppress the starch synthesis to improve salt tolerance, but the mechanism remains unclear.



Aldo-keto reductase-domain (PF00248) containing proteins (AKRs), belongs to the oxidoreduction enzyme superfamilies that catalyze NAD(P)(H)-dependent reduction of various substrates. Owing to the broad substrate specificity, AKRs play a crucial role in various cellular processes, such as response to various electrophilic, osmotic, and oxidative stress, defending against the harmful effects of lipid peroxidation through the antioxidant pathway, and participating in the polyol pathway [106,107,108]. AKRs in all phyla are classified into multiple families (≥40% identity) and subfamilies (≥60% identity) [109]. Among them, the AKR4 family is exclusive to plants and associated with diverse functions such as detoxification of reactive aldehydes/ketones and xenobiotics and biosynthesis of isoflavonoids, morphine, cocaine, ascorbic acid, and metal chelators [106,107]. Many AKR4 genes exhibit inducibility under stress conditions and their overexpression confers tolerance against diverse stresses in transgenic plants [107].



It was reported that AKR4C members are involved in response to various environmental stress [110,111,112]. For instance, AKR4C1 enhanced desiccation tolerance in barley embryos [113]. AKR4C2 expression in Bromegrass cell cultures was induced by freezing tolerance [114]. AKR4C3 may be involved in protecting dormant seeds from damage caused by desiccation in wild oat seeds [115]. AKR4C4 from Xerophyta viscose, conferred desiccation intolerant mutant Escherichia coli strain with tolerance to water loss [116]. The AKR4C5 and AKR4C6 in Digitalis purpurea can metabolize steroids and sugars [117]. AKR4C8, AKR4C9, AKR4C10, and AKR4C11 in Arabidopsis, were reported to detoxify reactive aldehydes generated during stresses [110,111]. Enhanced freezing tolerance and regenerative capacity were observed in transgenic barley expressing the Arabidopsis AKR4C9 gene [112]. AKR4C14, AKR4C15, and OsI_04426 from the rice cultivar KDML105 were capable of metabolizing methylglyoxal (MG) and malondialdehyde (MDA) [118,119,120]. In our study, AKR4C10 (4338987) was down-regulated after salt treatment in 3 comparisons, its downregulation was more obvious in the OX_24h vs. OX_0h comparison. This result is contrary to the results in previous reports. The alignment of AKR4C10 and other AKR4C members showed many differences between the N-terminal AKR4C10 and other AKR4C members (Supplementary Figure S8), indicating that AKR4C10 may function quite differently from other known AKR4C members.





5. Conclusions


Our study proved that ZmPDI overexpression can significantly enhance the salt tolerance in rice, while loss-of-function of OsPDI reduces the salt tolerance. The combined analysis of the transcriptome and proteome revealed that ZmPDI may enhance the salt tolerance of rice by modulating laccase-6, zingipain-2, WIP3, FKBP65, AKR4C10, GBSSII, Pho1, and TRXf1. This study provides fundamental information for the molecular regulation mechanism by which ZmPDI improves salt tolerance.
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Figure 1. Phenotypic and physiological responses to salt stress in OX-ZmPDI transgenic plants, OsPDI knock-out transgenic plants, and Wild Type plants. OX-ZmPDI transgenic plants, OsPDI knock-out transgenic plants, and Wild Type plants were exposed to 200 mM NaCl (a) and control (CK) treatments (b) for 15 days. The plant height (c), main root length (d), proline contents (e), malondialdehyde (MDA) contents (f), and peroxidase (POD) activity (g) of OX-ZmPDI transgenic plants, OsPDI knock-out transgenic plants and Wild Type plants after NaCl and CK treatments for 15 days. Values are presented as the mean ± SE. At least 5 individual plants of each line were measured in (c,d). Three replicates per line were performed in (e–g), and each replicate consisted of at least 3 individual plants. The data of each line were analyzed by One Way ANOVA. Letters above the bars indicate significant differences between the respective values (p < 0.05). CR2, 3, and 8 indicate three OsPDI knock-out transgenic lines, OX1, 3, and 7 indicate OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Figure 2. The DEGs in WT_24h vs. WT_0h, OX_24h vs. OX_0h, and CR_24h vs. CR_0h comparison. (a) number of DEGs in each comparison; (b) the number of common DEGs between each two comparisons. CR indicates OsPDI knock-out transgenic lines, OX indicates OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Figure 3. The 30 GO terms (a–c) and top 20 KEGG pathways (d–f) of DEGs in OX_24h vs. OX_0h (a,d), CR_24h vs. CR_0h (b,e) and WT_24h vs. WT_0h (c,f) comparison. CR indicates OsPDI knock-out transgenic lines, OX indicates OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Figure 4. The number of DEPs (a) and enriched GO terms of DEPs in OX_24h vs. OX_0h (b) and CR_24h vs. CR_0h (c) and WT_24h vs. WT_0h (d) comparison. CR indicates OsPDI knock-out transgenic lines, OX indicates OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Figure 5. The enriched top 20 KEGG pathways of DEPs in OX_24h vs. OX_0h (a) and WT_24h vs. WT_0h (b) and CR_24h vs. CR_0h (c) comparison. CR indicates OsPDI knock-out transgenic lines, OX indicates OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Figure 6. Combined analysis (a–c) DEGs both at RNA and protein level. (d) DEGs with a consistent tendency at RNA and protein levels. CR indicates OsPDI knock-out transgenic lines, OX indicates OX-ZmPDI transgenic lines, and WT indicates wild-type plants. 
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Table 1. Information of 8 selected putative target genes.
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GeneID

	
ProteinID

	
RNA-seq

	
Proteome

	




	
log2

FC(WT_24h/0h)

	
log2

FC(OX_24h/0h)

	
log2

FC(CR_24h/0h)

	
log2

[FC(OX_24h/0h)/FC(CK_24h/0h)]

	
log2

[FC(CR_24h/0h)/FC(CK_24h/0h)]

	
log2

FC(WT_24h/0h)

	
log2

FC(OX_24h/0h)

	
log2

FC(CR_24h/0h)

	
log2

[FC(OX_24h/0h)/FC(CK_24h/0h)]

	
log2

[FC(CR_24h/0h)/FC(CK_24h/0h)]

	
Gene Name

	
Description






	
4324320

	
XP_015616604.1

	
0.3001627

	
−0.966663

	
−0.633929656

	
−1.26683

	
−0.93409

	
0.312297

	
−0.71909

	
0.05656

	
−1.03139

	
−0.25574

	
TRXf1

	
thioredoxin F, chloroplastic-like




	
4327925

	
XP_015621254.1

	
0.3169881

	
−1.860921

	
−1.994143945

	
−2.17791

	
−2.31113

	
0.13762

	
−1.00638

	
−0.37458

	
−1.144

	
−0.5122

	
FKBP46

	
peptidyl-prolyl cis-trans isomerase FKBP65




	
4334171

	
XP_015631420.1

	
−0.215354

	
−1.722303

	
−0.804273692

	
−1.50695

	
−0.58892

	
−0.05071

	
−1.05794

	
−0.24896

	
−1.00723

	
−0.19824

	
OsPho1

	
alpha-1,4 glucan phosphorylase L isozyme, chloroplastic/amyloplastic




	
4338987

	
XP_015640121.1

	
−0.519035

	
−2.559227

	
0.140924626

	
−2.04019

	
0.65996

	
−0.07701

	
−1.15113

	
−0.29747

	
−1.07412

	
−0.22046

	
AKR4C10

	
aldo-keto reductase family 4 member C10




	
4343010

	
XP_015647210.1

	
−0.304685

	
−2.559233

	
0.501779613

	
−2.25455

	
0.806465

	
−0.76549

	
−1.77274

	
−0.80999

	
−1.00725

	
−0.0445

	
OsGBSSII

	
granule-bound starch synthase 1b, chloroplastic/amyloplastic




	
4350821

	
XP_015615550.1

	
2.9533801

	
−0.138991

	
3.573679797

	
−3.09237

	
0.6203

	
0.674683

	
−0.4243

	
0.373637

	
−1.09898

	
−0.30105

	
WIP3

	
Wound-induced protein precursor




	
107276064

	
XP_015611357.1

	
2.0799684

	
3.3114153

	
2.212447716

	
1.231447

	
0.132479

	
0.314234

	
1.551538

	
0.611157

	
1.237304

	
0.296923

	
zingipain-2

	
putative cysteine proteinase




	
107276446

	
XP_015621471.1

	
−0.911379

	
1.1211904

	
0.472168907

	
2.032569

	
1.383548

	
−0.03991

	
1.381661

	
−0.32439

	
1.421576

	
−0.28448

	
Oslaccase-6

	
laccase-6
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