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Abstract

:

Wheat is a staple crop in China’s arid and semi-arid regions. Drought and low nitrogen (LN) are two major constraints to wheat growth and production. However, the molecular mechanism underlying wheat response to both drought and LN stress remains unknown. Accordingly, we conducted a proteomic study on the roots of two wheat varieties, Chang6878 (drought tolerant) and Shi4185 (drought sensitive) and compared the differences between drought and combined drought and LN stress treatments. In total, 5143 proteins were identified, of which 163 differentially abundant proteins (DAPs) were uniquely upregulated under drought and LN stress in Chang6878. Enrichment analysis showed that DAPs were mainly involved in mitogen-activated protein kinase signaling, phenylpropanoid biosynthesis, glutathione metabolism, ethylene biosynthesis, ethylene signal transduction, and oxidation–reduction reactions. These DAPs were verified via parallel reaction monitoring and quantitative real-time polymerase chain reaction. Chang6878 was treated with the ethylene synthesis precursor 1-aminocyclopropanecarboxylic acid, and its resistance to drought and LN stress improved. After treatment with the ethylene synthesis inhibitor silver nitrate and ethylene signal transduction inhibitor 1-methylcyclopropene, drought and LN stress resistance reduced. These results provide novel insights into the tolerance mechanisms of Chang6878 to drought and LN stress by altering ethylene synthesis and signal transduction. This study provides a reference for breeding drought- and low-nitrogen-tolerant wheat germplasm resources and a theoretical basis for maintaining food security in arid, barren areas.






Keywords:


combined drought and low nitrogen stress; ethylene synthesis; ethylene signal transduction; proteomic analysis; wheat












1. Introduction


Food security and climate change are intricately linked [1], with the latter posing considerable challenges to the former. Long-term global warming accelerates soil desiccation [2]. The total global dryland area is expected to increase by 11–23% by 2050, accounting for 50–56% of the total land surface [3]. This will greatly impact agricultural production, particularly for crops such as wheat (Triticum aestivum L.) [4]. Wheat is an important food crop that plays a crucial role in food security; however, wheat planting regions are primarily located in arid and semi-arid agricultural production systems in which the spatiotemporal distribution of precipitation is highly erratic. This phenomenon severely constrains wheat production [5]. As water is a universal solvent, crops cannot efficiently absorb several macronutrients (e.g., nitrogen) from arid soil [6]. Therefore, drought and low-nutrient stresses may coexist under such conditions. Moreover, wheat’s low water-use capacity in barren soil aggravates drought stress [7]. To adapt to various stressors, plants have evolved response pathways that mitigate the damage caused by multiple simultaneous stressors and ensure normal growth, development, and fruit/seed production. Previous studies of plant resistance to abiotic stress have focused mainly on a single stressor, either drought or low nitrogen (LN). However, few studies have investigated the mechanisms through which plant responses to various simultaneous abiotic stressors are synergistically regulated. Understanding the synergistic regulation of drought and LN mechanisms in wheat may improve stress resistance and yield stability.



Previous studies have demonstrated interactions between drought and LN stresses at the physiological level. An appropriate increase in the soil water content may directly affect nitrate uptake from arid soil, promote nitrogen transfer from the vegetative organs to the fruits and seeds, improve nitrogen-use efficiency, and increase crop yields [8]. Nitrogen transport control under drought stress could also enhance drought resistance [9]. Nitrogen fertilization increases the leaf area index of wheat, as well as its dry matter, grain yield, and water-use efficiency, under drought conditions [10]. Nitrogen application in wheat plants upregulates antioxidant enzymes (i.e., superoxide dismutase, peroxidase, catalase, glutathione reductase, and ascorbate peroxidase); increases the soluble sugar, soluble protein, and proline contents; enhances osmoregulatory capacity; and improves drought resistance [11]. Nitrogen application also stimulates soil water absorption and utilization in winter wheat [12]. Appropriate fertilization promotes canopy growth, transpiration, and water uptake and transport [13], in addition to improving drought tolerance in wheat. The high-affinity nitrate transporter NRT2.1 positively regulates root water transport capacity, and may also play a role in plant drought tolerance [14]. A previous study found that overexpression of the DREB-like transcription factor GmTDN1 enhanced photosynthetic capacity, osmoregulation, antioxidant capacity, and root nitrogen uptake in transgenic wheat. Thus, GmTDN1 also synergistically improved drought tolerance and nitrogen-use efficiency [15]. However, the signaling pathways at the whole-protein level that regulate drought and LN tolerances in wheat remain to be elucidated.



This study subjected Chang6878 (drought tolerant, DT) and Shi4185 (drought sensitive, DS) wheat cultivars to combined drought and LN stress. We compared the proteomes of both wheat varieties under different stress conditions. Proteomic analysis showed that the mitogen-activated protein kinase (MAPK) pathway, including ethylene and hydrogen peroxide, is involved in response to drought and LN stress, as verified using parallel reaction monitoring (PRM), quantitative real-time polymerase chain reaction (qRT-PCR), and hydroponic experiments. Our study clarified the mechanism underlying drought and LN resistance in wheat, and these findings can help facilitate the breeding of wheat germplasm resources with superior tolerance to both drought and LN.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


The plants selected for this study were the Chang6878 and Shi4185 wheat varieties. Chang6878 is a winter type early maturing variety with strong drought resistance selected by the Millet Research Institute of Shanxi Academy of Agricultural Sciences. Shi4185 is bred by the Agricultural Science Research Institute of Shijiazhuang City, Hebei Province, and is suitable for cultivation under high-water and -fertilizer conditions. The plant height stress index (PSHI) was used to assess drought tolerance in the wheat seedlings and was calculated as follows:


PSHI = plant height under stress treatment − plant height under normal condition × 100%



(1)







PSHI values increase with increased drought tolerance. Newly harvested wheat seeds were oven-heated at 42 °C for 15 d to break their dormancy, rinsed thrice with deionized water, and germinated at 37 °C for 2 d. At the three lateral root stage, half of the seedlings were transplanted into a bottomless 96-well plate (Beijing Tao Heng Technology Co., Ltd., Beijing, China) and placed in water for 3 d to remove the nitrogen from the seeds in a light incubator with 16 h of light (28 °C)/8 h of darkness (24 °C) and a relative humidity of approximately 60%. They were then placed in a nutrient solution for 4 d and returned to the water until they reached the two-leaf, one-cord stage. After 4 d, the seedlings were placed in liquid media containing 25% (w/v) PEG 6000 and either 0.2 mM Ca(NO3)2 (LN treatment) or 2 mM Ca(NO3)2 (Normal N treatment). Wheat normal and LN nutrient solution formulations are shown in Supplementary Table S1. The treatment concentrations were based on long-term validation in our laboratory, and have been reported [15]. The root tips were excised 2 d after stress onset, pulverized in liquid nitrogen, weighed, and stored at −80 °C until protein extraction. Three independent biological replicates were set up per treatment. The same samples were used for RNA extraction and qRT-PCR analyses. Seedling shoot lengths, root lengths, fresh weights, and survival were measured after 8 d of the stress treatments. To verify the effects of ethylene synthesis and signal transduction pathways on wheat drought and LN stress tolerances, Chang6878 was chosen. After wheat was grown to two leaves and a heart in normal nutrient solution, the culture conditions were changed. A LN nutrient solution containing 25% PEG6000 was supplemented with 10 µM/L 1-aminocyclopropanecarboxylic acid (ACC) [16], 4 mg/L silver nitrate [17], and 100 µM/L 1-methylcyclopropene (1-MCP) pre-experimental determination. As a control, an LN nutrient solution containing 25% PEG6000 was used. After 7 d of treatment, the effect of the treatments on wheat resistance was observed. The shoot fresh weight, dry weight, survival rate, and relative water content of leaf were also counted. Three independent biological replicates were set up per treatment.




2.2. Proteomics Analysis and Targeted Protein Quantification by PRM


Total proteins in 0.1 g wheat seedling roots were extracted and digested (each sample had four independent biological replicates), and the mass spectrometer (MS) parameters were set according to the methods of Zhu et al. [18]. The raw MS/MS files were processed using MaxQuant v. 1.6.0 (https://www.maxquant.org/download_asset/maxquant/latest accessed on 8 March 2017) and searched in the UniProt database (https://www.uniprot.org accessed on 17 December 2021) under Triticum aestivum (UP000019116, 2022). Proteins were identified and label-free quantitation and PRM analyses were performed according to the methods of Wang et al. [19]. The MS proteomics data were deposited in the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org accessed on 9 October 2022) via the iProX partner repository under dataset identifier PXD037408. The minimum value replaced the missing values in the label-free quantitation data. The differentially abundant proteins (DAPs) were defined as those with fold change (FC) > 1.2 or <0.83, while significant differences were indicated by p < 0.05. A principal component analysis was conducted using the ggplot2_3.3.0 and ggfortify_0.4.9 packages in R (R Core Team, Vienna, Austria). Pearson’s correlation coefficient analyses were performed using the corrplot_0.84 package in R. Volcano plots were generated using the ggplot2 package in R.




2.3. Total RNA Extraction and qRT-PCR


Total RNA was extracted from the frozen root samples, reverse-transcribed, and subjected to qRT-PCR as described by Xu et al. [20]. To verify the gene-level expressions of the differential proteins, samples of both varieties subjected to drought alone and drought and LN conditions for 48 h were used for qRT-PCR. The relative expression levels were normalized to the expression of the TaACTIN gene [21] and determined using the 2−ΔΔCT method [22]. All samples were stored at −80 °C, and three replicates were analyzed per sample. The PCR primers used in this study are listed in Supplementary Table S2.




2.4. Physiological Assays


The activities of NR, GST, and POD were measured using an assay kit (Suzhou Kemin Biotechnology Co., Ltd., Suzhou, China) in three technical and three biological replicates according to the manufacturer’s instructions.





3. Results


3.1. Various Nitrogen Concentration Treatments Significantly Affected Drought Tolerance


We selected the DT Chang6878 and DS Shi4185 wheat varieties for this study. The PSHI values of the DT and DS varieties were 95.97 and 88.90, respectively. Hence, the DT variety was more tolerant to drought than the DS variety (Supplementary Figure S1). We subjected both wheat varieties to drought stress (PEG treatment), LN (0.2 mM NO3−), and normal N (2 mM NO3−; Normal N) conditions. After 2 d, for the combined PEG and LN stress, both the DT and DS varieties exhibited varying degrees of wilting and growth inhibition. However, the DT variety wilted significantly less than the DS variety (Figure 1B). Compared with the plants subjected to LN conditions, those of the same variety performed better under Normal N conditions. After 8 d of drought treatment, the survival rate of the DS plants under LN conditions (DSL; 8.3%) was significantly lower (p < 0.05) than that of the DS plants under Normal N conditions (DSC; 90%). For the DT variety, the survival rates of the DT plants under LN (DTL) and Normal N (DTC) conditions also differed significantly (75.0% and 91.7%, respectively). Nevertheless, this difference was smaller than that of the DS variety. The survival rate of the DT variety was significantly higher than that of the DS variety under combined LN and drought conditions (p < 0.05). In contrast, no significant difference was observed in the survival rate between the two varieties under Normal N conditions (Figure 1). The shoot fresh weights of both varieties under combined drought and LN stress were similar (Figure 1F). The root fresh weights of both varieties under combined drought and LN stress were lower than those of both varieties under drought stress alone. However, the root fresh weight of the DS variety was significantly higher than that of the DT variety under the same treatment conditions (Figure 1G). The nitrate reductase (NR) activity levels of both varieties under combined LN and drought stresses were lower than those under drought stress alone. Under the same conditions, no significant difference was observed between the varieties regarding NR activity (Figure 1H). Therefore, nitrogen supply significantly affected wheat tolerance to drought stress. Furthermore, the DT variety exhibited a higher tolerance to combined drought and LN stress than the DS variety.




3.2. Responses to Combined Drought and LN Stress and Drought Stress Alone


Quantitative proteomic analysis was performed to investigate the responses of the wheat roots to combined drought and LN stress. The quantitative data searched using Maxquant are listed in Supplementary Table S3. We identified 5431 proteins. Principal component analysis was applied to determine the responses of the DS and DT wheat varieties to combined LN and drought stresses. The DTC and DTL groups were separated in PC1, while the DSC and DSL groups were separated in PC2. Thus, there were significant differences between the groups (Figure 2A). Based on the principal component analysis results, three similar replicates per sample were selected for Pearson’s correlation analysis. Strong correlations were obtained among all three replicates per sample (R > 0.96). However, the DS and DT varieties under LN stress had more differences (Figure 2B). According to the heatmap, the difference between the two varieties was bigger than the difference between treatments for the same variety (Figure 2G). Moreover, the sequence coverage and intensity distribution indicated a high repeatability, and the data could be used for further analysis (Figure S2A,B).



Between the DTL and DTC groups, 532 proteins significantly differed (p < 0.05), of which 221 (41.5%) were downregulated and 311 (58.5%) were upregulated. Of the 221 downregulated proteins, 150 were DAPs (p < 0.05, FC < 0.83). Of the 311 upregulated proteins, 221 were DAPs (p < 0.05; FC > 1.2). For the DT variety, more significantly changed proteins were upregulated in response to combined drought and LN stress than to drought stress alone (Figure 2C). Between the DSL and DSC groups, 323 proteins differed significantly, of which 177 were downregulated and 146 were upregulated. Of the 177 downregulated proteins, 119 were DAPs, and of the 146 upregulated proteins, 108 were DAPs (Figure 2D). The Venn diagram indicated that the DTL vs. DTC groups had more unique upregulated DAPs than the DSL vs. DSC groups (Figure 3A).



We also compared varieties of DAPs under the same treatment. In the DSC vs. DTC groups, 391 proteins were significantly downregulated (p < 0.05), while 433 were significantly upregulated (p < 0.05). Of the 391 downregulated proteins, 316 were DAPs (p < 0.05, FC < 0.83), and of the 433 upregulated proteins, 322 were DAPs (p < 0.05, FC > 1.2) (Figure 2E). In the DSL vs. DTL groups, 320 proteins were significantly downregulated, while 262 were significantly upregulated. Of the 320 downregulated proteins, 264 were DAPs. Of the 262 upregulated proteins, 203 were DAPs (Figure 2F). In the DSC vs. DTC groups, 20.7% of the DAPs were unique and downregulated, whereas 24.9% were unique and upregulated. The DSC vs. DTC groups had substantially more unique DAPs than the DSL vs. DTL groups (Figure 3B).



The unique DAPs of both varieties under the same treatment were then subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis. The upregulated DAPs in the DTL vs. DTC groups were enriched in mitogen-activated protein kinase (MAPK) signaling–plant, tryptophan metabolism, ubiquinone, other terpenoid-quinone biosynthesis, plant–pathogen interactions, and carbon fixation in photosynthetic organisms, but the DAPs of the other groups were infrequently enriched in these pathways (Figure 3C). The DAPs in these pathways are shown in the heatmap (Figure 3E). These pathways were enhanced in the DT variety in response to combined drought and LN stress.



The unique DAPs that were only upregulated or downregulated in the DSC vs. DTC and DSL vs. DTL groups were then subjected to KEGG analysis. Glyoxylate and dicarboxylate metabolism, MAPK signaling–plant, and citrate cycle (TCA cycle) were enriched mainly by the upregulated DAPs in the DSC vs. DTC groups. Carbon metabolism, carbon fixation in photosynthetic organisms, and protein processing in endoplasmic reticulum were enriched mainly by the downregulated DAPs in the DSL vs. DTL groups (Figure 3D). These DAPs are illustrated in a heatmap (Figure 3F).



Twenty-six DAPs were selected for PRM verification based on the results of the KEGG analysis. Of these, 13 were associated with phenylpropanoid biosynthesis and MAPK signaling–plant, while the other 13 were common upregulated DAPs. However, only 11 target proteins were quantified: one CHIB (Figure 4E), five pathogenesis-related proteins (Figure 5E), five peroxidases (Figure 5F–J), and one glutathione sulfotransferase (Figure 5K). These DAPs were upregulated in the DTL vs. DTC groups. The five pathogenesis-related proteins and CHIB belonged to the MAPK signaling pathway.




3.3. In Chang6878, Ethylene Biosynthesis-Related and Signal Transduction Proteins Were Significantly Upregulated in the MAPK Signaling Pathway


CHIB (A0A0H4TM98) was quantified and upregulated in the DTL vs. DTC groups by PRM (Figure 4I). Based on proteomic analysis and PRM verification results, we further evaluated the changes in these key DAPs at the gene expression level through qRT-PCR. The expression levels of MAPK3/6 (A7L5U5), ACS6 (A0A3B6CAM9), EIN2 (A0A3B6HYK7), EIN2 (A0A3B6LK83), EIN2 (A0A3B6MPY1), ERF (A0A3B6I0A8), and CHIB (A0A3B6U7G0) in the MAPK signaling pathway were all upregulated in the DTL vs. DTC groups (Figure 4B–H). These results suggest that the proteins and genes in the ethylene biosynthesis-related and signal transduction proteins are significantly upregulated in the DTL vs. DTC groups (Figure 4A), indicating that these key genes are important in the response of Chang6878 to drought and LN stress. Further hydroponic experiments indicated that the topical application of ACC improved Chang6878 resistance to combined drought and LN stress (Figure 4J). After ACC application, the shoot fresh weight and survival rate of Chang 6878 under combined drought and LN stress increased to a highly significantly extent (Figure 4K,M). Shoot dry weight and leaf relative water content increased significantly (Figure 4L,N). In contrast, under topical application of silver nitrate, an ethylene synthesis inhibitor, Chang 6878 showed a highly significant decrease in shoot fresh weight, dry weight, and relative water content of leaves under combined drought and LN stress (Figure 4K,L,N), and there was a significant decrease in survival rate and reduced stress tolerance in the DT plants (Figure 4M). The topical application of ethylene signal transduction inhibitor 1-methylcyclopropene also reduced the stress tolerance of wheat (Figure 4J). Chang 6878 showed highly significant reductions in shoot fresh weight, dry weight, survival, and relative leaf water content under combined drought and LN stress (Figure 4K–N). Therefore, both ethylene signal synthesis and transduction pathways respond to combined drought and LN stress in Chang6878.




3.4. Enhancement of Oxidation Reaction-Related DAPs in Response to Combined Drought and LN Stress


Five pathogenesis-related proteins (Figure 5A–E), five peroxidases (Figure 5F–J), and one glutathione sulfotransferase (Figure 5K) were upregulated in the DTL vs. DTC groups, as shown via PRM. In addition, peroxidase and glutathione transferase activities were significantly enhanced in the DTL vs. DTC groups (Figure 5L,M).





4. Discussion


Drought intensification, decline in the biological regulation of the nitrogen cycle, and soil available nitrogen input have shown a downward trend as a result of the combined effects of climate change and human activities [23,24]. As a result, drought and LN stress have affected wheat growth and development. Li and Wang [25] studied the barley leaf proteome under drought and nitrogen deficiency stress using label-free proteomics techniques. The combined stress from drought and nitrogen deficiency led to an increase in the expression of proteins related to energy, carbohydrate, and amino acid metabolism, which resulted in the development of broader signaling pathways. Barley sustained growth under the combined stresses by producing more energy through enhanced aerobic respiration. In the present study, we used proteomic analysis to compare the differences between two wheat varieties under drought and combined drought and LN stress in roots. Previous proteomic studies on plants primarily focused on the effects of a single stress [26,27]. In this study, our quantitative proteomic analysis identified 5431 proteins. We discovered that the DT variety had more upregulated DAPs under combined drought and LN stress than the DS variety. By analyzing DAPs, we found that MAPK signaling–plant, tryptophan metabolism, ubiquinone, other terpenoid-quinone biosynthesis, plant–pathogen interactions, and carbon fixation in photosynthetic organisms were only enriched by the upregulated DAPs in Chang6878 (Figure 3C).



In this study, in the MAPK signaling pathway, ethylene biosynthesis-related and signal transduction proteins were significantly upregulated (Figure 4A). The MAPK signaling pathway is involved in plant responses to abiotic stress, and its critical function in boosting plant stress resistance has been previously reported [28]. MAPK3/6 (A7L5U5) was upregulated in the DTL vs. DTC groups (Figure 4B). ACC-synthase (ACS), the rate-limiting enzyme in ethylene biosynthesis, was significantly upregulated in the DTL vs. DTC groups (Figure 4C). Li et al. [29] showed that the MPK3/MPK6 cascade is implicated in ethylene production under injury stress by differently regulating the transcription of four ACS genes (ACS2, ACS6, ACS7, and ACS8). In the present study, ethylene-insensitive protein 2 (EIN2: A0A3B6JE28, A0A3B6LK83, A0A3B6MPY1), ethylene response factor ERF (A0A3B6I0A8) and ethylene signal transduction protein (CHIB: A0A3B6U7G0, A0A3B6HYK7) were significantly upregulated under combined drought and LN stress (Figure 4D–I). Wan et al. [30] identified the ERF family gene OsDER1 in rice induced by drought and ethylene. Overexpression of OsDER1 caused drought and osmotic stress hypersensitivity, whereas the OsDER1 knockout had the opposite effect. In contrast, exogenous ACC application reversed the drought-hypersensitive phenotype in OsDER1-overexpressing plants. Thus, OsDER1 may control drought response in plants by regulating ethylene biosynthesis. Ma et al. [31] systematically summarized the effects of external nitrogen supply on ethylene biosynthesis and signal transduction, as well as the morphophysiological responses of plants to various ethylene-mediated nitrogen stressors. Under normal growth and stress conditions, changes in nitrogen availability and/or form can alter ethylene production and sensitivity [32]. EIN2, a crucial component of ethylene signal transduction [33], is involved in response to drought stress. The mannitol-induced osmotic stress hypersensitive Arabidopsis EIN2 mutant Ein2-5 has been identified. Additional research demonstrated the potential involvement of EIN2 in abscisic acid signal transduction [34]. Plants usually increase their ethylene biosynthesis in response to both nitrogen deficiencies and abundances. Low nitrate availability rapidly induces ethylene production and enhances ethylene signaling by upregulating EIN3 [35]. Nutrient deficiency-induced ethylene production plays a vital role in plant adaptive responses [36]. A comparative study of 20 Arabidopsis varieties found natural variations among their ethylene production levels in response to nitrate deficiencies. Therefore, nitrogen-use efficiency could be improved by manipulating the ethylene pathway [37]. Chen et al. [38] performed transcriptome sequencing and quantitative proteomic analyses of ramie subjected to combined water and nitrogen stresses and reported that water and nitrogen interactions altered photosynthesis, the ethylene response, glycolysis, and nitrogen metabolism in this crop. Ethylene signal transduction plays an essential role in plant drought and nitrogen stress responses. This is consistent with our results, as confirmed via hydroponics experiments. The ethylene synthesis precursor ACC improved Chang6878′s tolerance to drought and LN stress, but the ethylene synthesis inhibitors silver nitrate and 1-methylcyclopropene had the opposite effect (Figure 4J). Therefore, both the ethylene biosynthesis and ethylene signal transduction pathways were implicated in the responses of Chang6878 to drought and LN stresses.



In addition, five pathogenesis-related proteins in the MAPK signaling pathway were quantified (Figure 5A–E). These DAPs were upregulated in the DTL vs. DTC groups. The PR gene family has been widely exploited in plant defensive responses as molecular markers. Additionally, PR1 protein participates in the response of plants to abiotic stress and is crucial for plant growth or development. Studies have revealed that the disease course-related protein 1 gene ScPR1 is crucial for sugarcane and transgenic Arabidopsis thaliana to respond to diverse abiotic stressors [39]. By promoting PR1 expression, GhMYB36 participates in the response of cotton and A. thaliana to drought stress [40]. Another study demonstrated that salicylic acid and hydrogen peroxide strongly induced the mRNA level of both OsPR1 genes [41]. Peroxidase (Figure 5F–J) and glutathione hydroxyl transferase (GST) (Figure 5K) were significantly upregulated in the DT wheat variety subjected to combined drought and LN stress. The results were further supported by peroxidase activity and GST activity (Figure 5L,M). Zhong et al. [42] applied 10% (w/v) PEG 6000 to rice to simulate the effects of nitrogen application under moderate drought conditions on photosynthesis. The authors found that the enzyme content differed between low and moderate nitrogen levels. Plants upregulate the expression of antioxidant enzyme genes under abiotic stress to lessen oxidative damage attributed to reactive oxygen species. In conclusion, oxidation–reduction reaction related enzymes and proteins are involved in combined drought and LN stress.




5. Conclusions


This study performed proteomic analysis on the roots of two wheat varieties under combined drought and LN stress. The results revealed that the ethylene synthesis and signal transduction pathways were upregulated in the DTL vs. DTC groups, which was verified by PRM and qRT-PCR. Hydroponic experiments showed that treatment with ethylene inhibitor silver nitrate and 1-methylcyclopropene reduced DTL resistance. DTL resistance increased when ACC was applied externally. These findings support the notion that the ethylene biosynthesis and ethylene signal transduction pathways respond to combined drought and LN in Chang6878. Furthermore, in Chang6878, the oxidation–reduction reaction related to hydrogen peroxide was enhanced. This study provides novel insights into the molecular mechanisms underlying wheat stress response to drought and LN. In the future, we aim to further develop these candidate genes or signaling pathways and determine how they regulate plant tolerance under combined drought and LN stress.
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Figure 1. Nitrogen supply affected the tolerance of wheat to drought stress. Representative images of drought-tolerant (DT) and drought-sensitive (DS) varieties grown hydroponically (A) under normal conditions, (B) followed by 2 d of treatment with 25% PEG 6000 and low nitrogen (LN) and normal nitrogen (Normal N) conditions, respectively, (C) subjected to the same treatment for 8 d, and (D) with recovered growth for 4 d after PEG 6000 treatment. (E) Survival rates of (C). (F) Shoot fresh weights. (G) Root fresh weights. (H) Nitrate reductase (NR) activity. (DTC, DT cultivar Chang6878 subjected to drought and Normal N stresses; DTL, DT cultivar Chang6878 subjected to drought and LN stresses; DSC, DS cultivar Shi4185 subjected to drought and Normal N stresses; and DSL, DS cultivar Shi4185 subjected to drought and LN stresses. Scale bar represents 5 cm). Different letters indicate significant differences among treatment times of seedlings based on one-way ANOVA (p < 0.05). 
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Figure 2. Proteomic data analysis of wheat seedling roots. (A) Principal component analysis of wheat seeding roots. (B) Pearson’s correlation analysis of proteome data. (C) Volcano plots of DAPs in the DTL vs. DTC groups. (D) Volcano plots of the DAPs in the DSL vs. DSC groups. (E) Volcano plots of DAPs in the DSC vs. DTC groups. (F) Volcano plots of the DAPs in the DSL vs. DTC groups. (G) Heatmap of the DAPs. Red indicates higher protein intensities, and blue indicates lower intensities. 
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Figure 3. KEGG analysis of unique differentially abundant proteins (DAPs). (A) Venn diagrams showing commonly shared and unique DAPs in the groups of DTL vs. DTC and DSL vs. DSC. Four color respectively represent the number of protein in four groups, purple (number of down−regulated proteins in group DTL vs. DTC), yellow(number of up−regulated proteins in group DTL vs. DTC), green (number of up−regulated proteins in group DSL vs. DSC), and red (number of down−regulated proteins in group DSL vs. DSC). (B) Venn diagrams showing commonly shared and unique DAPs in the groups of DSL vs. DTL and DSC vs. DTC. Four color respectively represent the number of protein in four groups, purple (number of down−regulated proteins in group DSC vs. DTC), yellow (number of up−regulated proteins in group DSC vs. DTC), green (number of up−regulated proteins in group DSL vs. DTC), and red (number of down−regulated proteins in group DSL vs. DTC). The non−overlapping parts on the way represent specific proteins for each group, while the overlapping parts represent the proteins shared by multiple groups. The corresponding numbers are marked in the figure. (C) KEGG analysis of unique upregulated and downregulated DAPs in groups of DTL vs. DTC and DSL vs. DSC. (D) KEGG analysis of unique upregulated and downregulated DAPs in groups of DSL vs. DTL and DSC vs. DTC. Red indicates more proteins, white indicates fewer proteins, and gray indicates no proteins were enriched in the pathway. (E) Heatmap of the differentially changed proteins involved in MAPK signaling pathway-plant, phenylpropanoid biosynthesis, and glutathione metabolism in the DTL vs. DTC groups. (F) Heatmap of the differentially changed proteins involved in protein processing in the endoplasmic reticulum, carbon fixation in photosynthetic organisms, and oxidative phosphorylation in the DSL vs. DTL groups. Red indicates higher protein intensities, and green indicates lower intensities. (DTC: DT cultivar Chang6878 subjected to drought and Normal N stresses; DTL: DT cultivar Chang6878 subjected to drought and low N (LN) stresses; DSC: DS cultivar Shi4185 subjected to drought and Normal N stresses; DSL: DS cultivar Shi4185 subjected to drought and LN stresses). 
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Figure 4. Validation of important differentially abundant proteins (DAPs) in ethylene synthesis and ethylene signal transduction pathway using parallel reaction monitoring (PRM) and qRT-PCR. (A) Signal pathway model of the mitogen-activated protein kinase (MAPK) pathway in response to combined drought and low nitrogen (LN) stress. Red circles indicate upregulation. (B) MAPK3/6 (A7L5U5), (C) ACS6 (A0A3B6CAM9), (D) EIN2 (A0A3B6HYK7), (E) EIN2 (A0A3B6LK83), (F) EIN2 (A0A3B6MPY1), (G) ERF (A0A3B6I0A8), (H) CHIB (A0A3B6U7G0), and (I) CHIB (A0A0H4TM98). The qRT-PCR data were analyzed using the 2−ΔΔCt method. Each experiment contained three independent biological and five technical replicates. Blue represents the PRM validation results and green represents the qRT-PCR validation results. ** p < 0.01 (two-tailed Student’s t-test). (J) Representative images of hydroponic cultivars of drought-tolerant varieties under drought and low nitrogen compliance stress (DTL) applied with ethylene synthesis precursor ACC, ethylene synthesis inhibitor silver nitrate, and ethylene signal transduction inhibitor 1-methylcyclopropene. Drought and low nitrogen stress were used as controls. Scale bars correspond to 5 cm. (K) Shoot fresh weight of F. (L) Shoot dry weight of F. (M) Survival rate of F. (N) Leaf relative water content (RWC) of F. RWC % = (Original fresh weight − dry weight)/(saturated fresh weight − dry weight) × 100%. Asterisks indicate significant differences as determined by t-tests (* 0.01< p < 0.05, ** p < 0.01). 
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Figure 5. Validation of important DAPs in oxidation–reduction reaction using PRM and physiological index detection. (A) PR1 (A0A3B6KF02), (B) PR1 (A0A3B6UCP5), (C) PR1 (C3UZE5), (D) PR1 (M5AKY4), (E) PR1 (Q94F73), (F) POD (A0A1D5UU04), (G) POD (A0A3B6B887), (H) POD (A0A3B6FYA0), (I) POD (C6ETA5), (J) POD (A0A3B6SFH1), (K) GST (A0A3B6H1W4), (L) POD activity, (M) GST activity. ** p < 0.01 (two-tailed Student’ s t-test). 
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NADH2 200

GAPDH

ubiquinol-cytochrome c reductase subunit 6
F-type H+-transporting ATPase subunit beta
F-type H+-transporting ATPase subunit d
NADH6

NADHS5

fructose-bisphosphate aldolase, class I
GTP-binding protein SAR1
fructose-bisphosphate aldolase, class I
endoplasmic reticulum chaperone BiP
molecular chaperone HtpG

alanine transaminase

aspartate aminotransferase, cytoplasmic
protein disulfide-isomerase Al

HSP20 family protein

SWP1

ribulose-bisphosphate carboxylasc small chain
heat shock 70kDa protein 1/2/6/8
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