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Impacts of Nitrogen Deficiency on Wheat (Triticum aestivum L.) Grain During the Medium Filling Stage: Transcriptomic and Metabolomic Comparisons
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Nitrogen (N) supplementation is essential to the yield and quality of bread wheat (Triticum aestivum L.). The impact of N-deficiency on wheat at the seedling stage has been previously reported, but the impact of distinct N regimes applied at the seedling stage with continuous application on filling and maturing wheat grains is lesser known, despite the filling stage being critical for final grain yield and flour quality. Here, we compared phenotype characteristics such as grain yield, grain protein and sugar quality, plant growth, leaf photosynthesis of wheat under N-deficient and N-sufficient conditions imposed prior to sowing (120 kg/hm2) and in the jointing stage (120 kg/hm2), and then evaluated the effects of this continued stress through RNA-seq and GC-MS metabolomics profiling of grain at the mid-filling stage. The results showed that except for an increase in grain size and weight, and in the content of total sugar, starch, and fiber in bran fraction and white flour, the other metrics were all decreased under N-deficiency conditions. A total of 761 differentially expressed genes (DEGs) and 77 differentially accumulated metabolites (DAMs) were identified. Under N-deficiency, 51 down-regulated DEGs were involved in the process of impeding chlorophyll synthesis, chloroplast development, light harvesting, and electron transfer functions of photosystem, which resulted in the SPAD and Pn value decreased by 32 and 15.2% compared with N-sufficiency, inhibited photosynthesis. Twenty-four DEGs implicated the inhibition of amino acids synthesis and protein transport, in agreement with a 17–42% reduction in ornithine, cysteine, aspartate, and tyrosine from metabolome, and an 18.6% reduction in grain protein content. However, 14 DEGs were implicated in promoting sugar accumulation in the cell wall and another six DEGs also enhanced cell wall synthesis, which significantly increased fiber content in the endosperm and likely contributed to increasing the thousands-grain weight (TGW). Moreover, RNA-seq profiling suggested that wheat grain can improve the capacity of DNA repair, iron uptake, disease and abiotic stress resistance, and oxidative stress scavenging through increasing the content levels of anthocyanin, flavonoid, GABA, galactose, and glucose under N-deficiency condition. This study identified candidate genes and metabolites related to low N adaption and tolerance that may provide new insights into a comprehensive understanding of the genotype-specific differences in performance under N-deficiency conditions.
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INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most important cereal crops and the second most widely grown crop in the world. Wheat grain consumption accounts for >40% of the global human diet (Shewry, 2009), and it is mainly used for food production including for bread, cakes, biscuits, pasta, and noodles (Zörb et al., 2018). Mature wheat grain is rich in carbohydrates (mainly represented by starch accounting for 60–70% of dry weight) and has a higher protein content (accounting for 10–18% of endosperm dry weight) compared with other major cereals, such as rice (Oryza sativa), maize (Zea mays), rye (Secale cereale), and millet (Pennisetum glaucum) (Ashraf, 2014).

Nitrogen (N) is a necessary nutrient required for crop growth and development. Wheat grain yield and quality depend upon substantial inputs of N. Moreover, N plays the most important role in determining protein content, dough quality, and processing characteristic (Barraclough et al., 2010; Xue et al., 2016). However, wheat is the major crop with the lowest nitrogen use efficiency (NUE), and only 30–35% of applied N fertilizer could be absorbed (Raun and Johnson, 1999; Gaju et al., 2011). The excessive application of N fertilizer frequently occurs during production, and a two-fold increase in food production required more than a seven-fold increase in N fertilizer application over the past 40 years, producing immense waste and pollution (Hirel et al., 2007). Therefore, understanding the mechanisms of how N influences the yield and quality of wheat grain is of great significance for N fertilizer control.

Wheat has evolved many adaptive strategies to deal with N deficiency under field conditions. Examples of this included morphological changes in shoot and leaf development (Curci et al., 2017; Wang et al., 2019) and root architecture (Xue et al., 2014; Lv et al., 2020). Physiological adaptations included altering photosynthesis and enzyme activity related to N assimilation, such as glutamine synthetase, glutamate synthase, nitrate reductase, Rubisco, H+-ATPase (Li et al., 2013; Lv et al., 2020), and decreased malondialdehyde content (Guo et al., 2014). Biochemical responses such as altered phytohormone signaling in roots relative to indole-3-acetic acid (IAA), cytokinin (CTK), gibberellin (GA3), and jasmonic acid (JA) concentrations stimulated by low-nitrogen stress (Lv et al., 2020). It has also been observed that wheat increased gene expression levels of nitrate transporters, glutamine synthetase, and those controlling NUE, such as NRT1 and NRT2 (Guo et al., 2014), TaVRN-A1 (Lei et al., 2018), TabZIP1, and TaPIMP1TF (Mahmoud et al., 2020), which could enhance the uptake of N and stimulate root development. In particular, TaVRN-A1 conferred a winter wheat grain yield increase of 18.1% in the field under N-starvation conditions (Lei et al., 2018).

Diverse “omics” approaches such as RNA sequencing (RNA-seq) of the transcriptome and metabolomics profiling have been increasingly applied to detect the genetic mechanisms responsible for plant biotic and abiotic stresses. RNA sequencing has been applied to numerous wheat tissues under different stress conditions such as wheat seedling and roots under low pH (Hu et al., 2018), salinity stress (Amirbakhtiar et al., 2019), as well as upon invasion by arbuscular mycorrhizal fungi (Li et al., 2018a), wheat grain response to vernalization (Feng et al., 2016), drought stress (Ma et al., 2017), and heat stress during the filling stage (Rangan et al., 2020). Together, these studies provided a vital molecular-level understanding of the stress mechanism for wheat grain development, yield, and quality formation. Metabolomics profiling has been applied on crops to detect the metabolic changes responsive to abiotic stresses, including barley (Hordeum vulgare) under phosphorus-deficiency conditions (Huang et al., 2008), rice (O. sativa) under high temperature conditions (Yamakawa and Hakata, 2010), maize (Z. mays) subjected to drought stress (Witt et al., 2012), soybean in response to low-N tolerance (Li et al., 2018b), and durum wheat (Triticum turgidum Desf.) under water stress conditions (Vergara-Diaz et al., 2020). The integration of transcriptomic and metabolomic approaches is being increasingly applied to different crops to reveal the molecular mechanism of resistance to environmental stresses based on existing genetic, physiological, and morphological data (Bowne et al., 2011). These synergistic efforts have been applied to the detection of tolerance mechanisms for wild soybean seedling roots under low N stress conditions (Liu et al., 2020a), the identification of candidate genes that might be active in oat adaptation to P deficiency (Wang et al., 2018), the discovery of vital genes and metabolic changes in wheat seedlings in response to cold stress (Zhao et al., 2019), uncovering malting quality regulatory networks of barley under drought stress conditions (Hong et al., 2020), and carbon and N metabolism of rice in response to high N (Xin et al., 2019).

Despite the importance of N in wheat cultivation, limited research has been conducted concerning the effect of different N-application rates at the seedling stage and its impact on grain maturation and production. The last two decades have delivered tremendous progress in understanding the yield, quality, genetic regulations of NUE, as well as the morphological, physiological, and biochemical effects of N deficiency. However, these studies mainly focused on roots and leaves in bread wheat seedlings (Wang et al., 2019; Xin et al., 2020), or only investigated the transcriptome response to N-starvation (Sultana et al., 2020) or metabolome response to high-N condition (Zhen et al., 2016) of bread wheat in filling grain. Furthermore, the variation in gene expressions and metabolite levels at the medium stage of grain filling changed to the greatest degree and closely influenced the yield and quality of grain (Zhen et al., 2016; Henry et al., 2018). Therefore, we performed gene expression and metabolite profiling to evaluate the effect of N-sufficient and N-deficient conditions imposed during the seedling and jointing stages and their effect on grain filling and maturation. The aims were (i) to identify the differentially expressed genes (DEGs) related to photosynthesis of wheat grain in response to continuous N deficiency stress, (ii) to discover the DEGs and differentially accumulated metabolites (DAMs) linked to stress tolerance that were triggered by continuous N-deficiency stress, and (iii) to analyze the molecular basis of changes in thousand-grains weight (TGW) and protein content affected by N, especially amino acid and sugar metabolism. The findings from this study will provide a foundation for the guidance of N fertilizer application to optimize wheat grain yield and quality.



MATERIALS AND METHODS


Wheat Materials and Field Experiment Design

Shiluan 02-1 was the selected wheat variety for the studies. Shiluan 02-1 is a typical high-gluten bread wheat cultivar and has a sensitive response to N fertilizer (unpublished), which was released in China in 2007 and is widely cultivated in north China. The experiments were performed in large growth containers (each 18 m3 cement pools, 3 m length * 3 m width * 2 m depth) located in Zhao county, Hebei province, during the continuous 2016–2018 wheat-growing season. The organic content of 0–40 cm-deep soil was 8.78 g/kg, total N was.8 g/kg, available N was 56.94 mg/kg, rapidly available phosphorus (P2O5) was 32.45 mg/kg, and rapidly available potassium (K2O) was 92 mg/kg with a pH of 7.8.

We selected urea (NH2)2CO as the N fertilizer and designed two experimental groups: a control group of 240 kg/hm2 urea (N-sufficient; Nck), and a treatment group of 0 kg/hm2 (N-deficient; N0). The N application time of the Nck group occurred prior to sowing (120 kg/hm2) and jointing stage (120 kg/hm2). P2O5 172.5 kg/hm2 and K2O 112.5 kg/hm2 were uniformly applied before sowing. A total of six cement pools were used in the experiment, each group comprised three cement pools, which represented three biological replicates. The planting density was 225 * 104 plants/hm2, the typical rate in the North China Plain (NCP) (2,025 total plants in each plot). The plants were sown by hand in 10 rows, and the row spacing was 20 cm. The plants were irrigated with 900 m3/hm2 for overwintering, 750 m3/hm2 water at the jointing and flowering stages, respectively. In the 2016–2018 growing season, the average annual precipitation was 278 mm, the average annual sunshine duration was 1,611 h, and the average annual temperature was 9.75°C at the experiment location. The grains at 25 days post anthesis (DPA) were collected and immediately frozen in liquid N2, and then stored at −80°C prior to RNA and metabolites extraction.



Photosynthetic Evaluation, Grain Yield, and Quality Testing

At 25-DPA, the net photosynthetic (Pn) rate of flag leaves was measured with Li-6400XT Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, United States) at 11:00 a.m. The chlorophyll concentration of the flag leaves was measured with SPAD (soil and plant analyzer development)-502 Plus Chlorophyll Meter (Konica Minolta, Japan), known as SPAD value at the same time. The length and width of the flag leaves were also measured at 25-DPA.

The plant height and spike length were evaluated after harvesting. The mature grains from each plot were harvested using a mini-Vogel machine. The grain yield per plot (kg/hm2), spike number per unit area (No. spikes/hm2), grain number per spike (No. grains/spike), TGW (g), grain length, and grain width of mature grain were measured. Grain protein fractions including albumin, globulin, gliadin, and glutenin were extracted with a continuous extraction method, which, together with grain total protein content (5.7% N, 14% moisture basis), were all determined by the Kjeldahl N determination method (Kjeldahl, 1883) using the Automatic Kieldahl Apparatus (K9860, Hanon, Jinan China). The content of total sugar, starch, and fiber content in the bran fraction (including the episperm and aleurone layer) and white flour (endosperm and embryo) of matured grain were measured. Total sugar in matured grain was measured as well, which was used to estimate the ratio of carbon to N. The anthrone-sulfuric acid colorimetric assay was used to determine the total sugar (carbohydrate) content (Laurentin and Edwards, 2003). The anthronecolorimetric method was used to estimate starch and fiber content (Clegg, 1956). All metrics were measured using the mean of three replicate experiments.



RNA Extraction, Library, and Sequencing

Total RNA was extracted from wheat grain of 25 DPA using the mirVana miRNA Isolation Kit (Ambion-1561, Ambion, Austin, TX, United States) following the protocol of the manufacturer. The quality and concentration of extracted RNA were determined using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, United States) and NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States), respectively. The samples with RNA integrity number (RIN) ≥ 7 were subjected to the subsequent analysis. RNA libraries were constructed using TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, United States) according to the instructions of the manufacturer. Then, six independent grain cDNA libraries were sequenced on the Illumina HiSeq X Ten sequencing platform (Shanghai OE Biotech. Co., Ltd. Shanghai, China) and 150 bp paired-end reads were generated.



Quality Control and Differentially Expressed Genes Analysis

A total of 310.49 million (97.21%) clean reads were obtained using the NGS QC Toolkit (Patel and Jain, 2012). Meanwhile, a total of 44.46 Gb clean data were obtained with an average of 7.41 Gb per sample. The GC content ranged from 51.25 to 51.89%. Among all of the reads, more than 93.51% had Phred-like quality scores at the Q30 level (an error probability of 0.1%); 92.19–93.22% of the clean reads obtained from each sample were mapped to reference sequences using hisat2 (Kim et al., 2015), and 83.11–85.3% were uniquely matched (Table 1). Fragments Per kb Per Million Reads (FPKM) (Trapnell et al., 2010) values for each gene were calculated using Cufflinks (Roberts et al., 2011), and DEGs were identified using the DESeq (Anders and Huber, 2012) R package function of estimated Size Factors and the nbinom Test. P-value < 0.05 and fold change >2 or fold change <0.5 (|log2FC| > 1) were set as the threshold for significantly differential expression. Hierarchical cluster analysis of DEGs was performed to explore gene expression patterns. Gene Ontology (GO) (Young et al., 2010) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2008) enrichment analyses of DEGs were respectively performed using R based on the hypergeometric distribution. The calculated result will return a P-value of enrichment significance, and a smaller P-value indicates that DEGs are enriched in the GO or KEGG pathway.


Table 1. Transcriptome sequencing data quality and genome mapping results.
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Quantitative Real-Time PCR Analysis

Quantification was performed using a two-step reaction process consisting of reverse transcription (RT) and PCR. Each RT reaction consisted of 0.5 μg RNA, 2 μl of 5 × TransScript All-in-one SuperMix for qPCR and 0.5 μl of gDNA Remover in a total volume of 10 μl. Reactions were performed in a GeneAmp® PCR System 9700 (Applied Biosystems, Waltham, MA, United States) for 15 min at 42°C, 5 s at 85°C. The 10 μl RT reaction mixture was then diluted 10-fold in nuclease-free water and kept at −20°C. Real-time PCR was performed using LightCycler® 480 II Real-time PCR Instrument (Roche, Basel, Switzerland) with 10 μl PCR reaction mixture that included 1 μl of cDNA, 5 μl of 2 × PerfectStart™ Green qPCR SuperMix, 0.2 μl of 10 μM forward primer, 0.2 μl of 10 μM reverse primer, and 3.6 μl of nuclease-free water. Reactions were incubated in a 384-well optical plate (Roche, Swiss) at 94°C for 30 s, followed by 45 cycles of 94°C for 5 s and 60°C for 30 s. Each sample was run in technical triplicate for analysis. At the end of the PCR cycles, a melting curve analysis was performed to validate the specific generation of the expected PCR product. The primer sequences are shown in Supplementary Table 1. The expression levels of mRNAs were normalized to endogenous reference gene β-actin (forward primer: 5′-TCCAATCTATGAGGGATACACGC-3′, reverse primer: 5′-TCTTCATTAGATTATCCGTGAGGTC-3′) and were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). The RT-qPCR data were represented as log2 Fold change (value N0/Nck) derived from normalized expression level from three technologic replicates and further compared with RNA-seq results (RPKM N0/Nck) by means of Pearson correlation analysis with Data Processing System (DPS) (Tang and Zhang, 2013).



Grain Metabolites Extraction, GC-MS Profiling

Six sampling replicates of grains from individual plants grown under N0 and Nck conditions were sampled, and each biological replicate comprised two sampling replicates. Sixty milligrams from each sample was accurately weighed and extracted in 360 μl of cold methanol and 40 μl of 2-chloro-l-phenylalanine (0.3 mg/ml), as well as 200 μl of CH4Cl3 and 400 μl of water. Quality control (QC) sample was prepared by mixing aliquots of all the samples into a pooled sample. The samples were placed at ambient temperature for 30 min before gas chromatography-mass spectrometry (GC-MS) analysis. The derivatized samples were analyzed on an Agilent 7890B GC system coupled to an Agilent 5977A MSD system (Agilent Technologies Inc., Sta. Clara, CA, United States). Metabolites were annotated through the Fiehn or NIST database. The values of the data matrix were converted to log2, 0 was replaced with 0.000001, and then multivariate statistical analyses were performed based on N0 and Nck metabolites with the aid of SIMCAP v14.0 (Umetrics, Umeå, Sweden), namely, principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), orthogonal partial least squares discriminant analysis (OPLS-DA), and response permutation test (RPT) analysis (Supplementary Figure 1). The cumulative interpretation rate R2X (0.461) and prediction rate Q2 (0.151) of the PCA model are relatively high, which can explain and predict the difference between the two groups. The transcriptomic and metabolomic experiments were conducted by Oebiotech, Shanghai, China (http://www.oebiotech.com/).



Identification of Differentially Accumulated Metabolites

Differentially accumulated metabolites were determined according to the following criteria: VIP > 1 (variable importance in the projection values obtained from the OPLS-DA model, the larger VIP, the greater contribution to grouping), P < 0.05 (the result of Student's t-test, evaluates the difference between the two groups of samples), and FC > 1 represented up-regulated or FC <1 represented down-regulated (FC is fold change, represents the ratio of the average content of the different metabolite in the two groups, N0/Nck).



Principal Component Analysis and Statistical Analysis

Principal component analysis was examined using the R software (version 3.2.2). Duncan's Multiple Range Test (DMRT) on the DPS statistical software was performed to examine significant differences of physiological traits and gene expression between N0 and Nck treatments (Tang and Zhang, 2013). P < 0.05 was considered to be significant, and P < 0.01 was considered to be extremely significant.




RESULTS


Comparison of Photosynthesis, Grain Yield, and Grain Quality Under N-Deficient and N-Sufficient Conditions

The N-sufficient condition was imposed prior to sowing (120 kg/hm2) and in the jointing stage (120 kg/hm2), and there was no N fertilizer application under the N-deficient condition. At 25 days of anthesis, the photosynthesis and SPAD value, leaf length, and width of the flag leaf were extremely significantly decreased (P < 0.01) under the N0 conditions compared with those of the N sufficient conditions. After harvesting, grain yield (No. grains/spike, No. spikes 104/hm2) and total protein content was also extremely significantly reduced (P < 0.01) under the N0 conditions. In general, grain yield, No. grains/spike, flag leaf size, chlorophyll content, grain total protein, and gliadin content under N0 conditions were extremely significantly affected (P < 0.01) by N stress, whereas No. spikes/hm2 and albumin content were significantly affected (P < 0.05). However, the TGW, grain length, and grain width of N0 exhibited 12.5, 3.3, and 4.98% increases compared with those of Nck grain (Table 2; Figure 1). Concerning yield indicators, wheat grain subjected to the N0 conditions showed a 19.3% reduction in grain yield, a 25.6% decrease in No. grains/spike, and a 3.7% decrease in No. spikes/hm2 on average compared with the Nck conditions. For plant growth, N0 plant morphology showed shorter plant height (8.6%), smaller flag leaf length (28.1%), and width (20%) than in the Nck-group. The Pn and SPAD values of flag leaf grown under the N0 conditions were also 15.2 and 32% lower than in Nck.


Table 2. Comparison of yield, plant growth, photosynthesis, and quality indicators of wheat grown under N0 and Nck conditions.
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FIGURE 1. Comparison of mature grain length and width with N0 and Nck treatments.


Regarding protein quality, with the exception of albumin, which showed no significant difference, the contents of other protein types under N0 conditions were all lower than those of Nck. According to the differences in protein content, wheat was classified as high-gluten (>14%), medium-gluten (>12.5%), and low-gluten types (<12.5%) (GB/T 17320-2013, China). For Shiluan 02-1, the normal protein content is 15–16%, and was 15.83% under the normal N conditions in this study, which meets the standard of high-gluten wheat. However, the grain protein content decreased to 12.89% under N0 conditions, which only meets the standard of medium-gluten wheat. Therefore, the total grain protein content was reduced by 18.6% and was significantly affected by the low N conditions compared with the normal N conditions. In particular, N0-treatment had an extremely significant reduction in gliadin (17.8%), and a significant reduction in globulin (14.2%) and glutenin (14.2%). Therefore, N deficiency seriously affected the yield and quality of wheat and most indicators of leaf morphological and physiological functions, but increased grain weight and size. However, the contents of total sugar, starch, and fiber in N0 were all significantly higher than in Nck (Figure 2). The total sugar content in N0 grain was 26.5% higher than in Nck grain, which showed a similar tendency in the bran fraction and white flour. The total sugar of the bran fraction and white flour in N0 increased by 29.2 and 18.7%, respectively, compared that in Nck. The starch content of the bran fraction and white flour in N0 was 4.3 and 7% higher than that in Nck, while the fiber content of the bran fraction and white flour in N0 was 33.8 and 57.7% higher than that in Nck, respectively (Figure 2). Thus, the difference in total sugar was mainly determined by the content of fiber. In addition, the ratio of carbohydrate to protein, known as C/N, in N0 grain was extremely higher than that in Nck, which might together contribute to increasing the grain size and grain weight.
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FIGURE 2. Content of total sugar, starch, and fiber in the bran fraction and white flour. (A) Total sugar in the bran fraction and white flour. (B) Starch in bran fraction and white flour. (C) Fiber content in the bran fraction and white flour. (D) Total sugar and total protein contents in matured grain. (E) Ratio of carbohydrate to protein, known as C/N. The blue columns represent the N0 treatment, orange columns represent the Nck treatment. *P < 0.05 significant difference, **P < 0.01 extremely significant difference.




Transcriptome Analysis of Wheat Grain Grown Under N Deficiency Conditions

RNA-Seq detected 77,642 genes with a suitable FPKM value, and the detailed information is listed in Supplementary Table 2. Principal component analysis analysis of gene expression for the N0 and Nck groups is shown in Supplementary Figure 2, which indicates that the reproducibility between the two groups was good and that sample selection was reasonable. A total of 761 genes were differentially expressed in the wheat grain samples under N deficiency conditions, and 363 genes were up-regulated and 398 genes were down-regulated (Supplementary Table 3). GO functional analysis annotated 462 GO terms based on 467 DEGs (Supplementary Table 4), and 54 significantly enriched GO terms were finally obtained [the limited criteria of FDR (false discovery rate) ≤ 5; No. of DEGs in one GO term ≥3], including 23 biological processes (BP), 15 cellular components (CC), and 16 molecular functions (MF). Among BP functions, the central DEGs down-regulated under N stress conditions were associated with photosynthesis, light harvesting, protein-chromophore linkage, carbohydrate metabolic process, cell redox homeostasis, and photosynthetic electron transport chain. In terms of CC, the down-regulated DEGs were mainly relevant to photosystem I (PSI), photosystem II (PSII), the chloroplast, thylakoid, plastid, membrane, and cell wall. Regarding the MF, the down-regulated DEGs were related to chlorophyll binding, electron carrier activity, rRNA N-glycosylase activity, serine-type endopeptidase inhibitor activity, and transcription factor (TF) activity (Figure 2). Meanwhile, the up-regulated DEGs were tightly associated with DNA repair, replication and recombination, activities relevant to chromosomes, nucleosomes, microtubules, metal ion transport, protein hetero-dimerization, zinc ion binding, and GTPase activity (Figure 3).


[image: Figure 3]
FIGURE 3. GO classifications of differentially expressed genes (DEGs) for mid-filling grain under N0 and Nck conditions, including three categories (A) biological process, (B) cellular component, and (C) molecular function. Yellow columns represent up-regulated items, and blue columns represent down-regulated items. The x-axis is the amount of DEGs involved related biological process, cellular component and molecular function.


To further understand the active physiological processes of mid-filling grain under N deficiency conditions, the DEGs in various metabolic pathways were mapped to the KEGG database. It was found that there were 146 (out of 761) DEGs mapped to 105 KEGG pathways, 72 up-regulated genes were assigned to 81 KEGG pathways, and 74 down-regulated genes were assigned to 48 KEGG pathways (Supplementary Table 5). The top 10 lowly expressed and 15 highly expressed significant pathways were finally obtained (the limited criteria of P-value < 0.05; No. of DEGs in one KEGG pathway ≥3) (Figure 4). Photosynthesis, photosynthesis-antenna proteins, the MAPK and VEGF signaling pathways, and vitamin B6 metabolism were hindered because of N stress. However, the metabolic process regarding ribosome biogenesis in eukaryotes, the cell cycle, cell cycle-yeast, DNA replication, aminoacyl-tRNA biosynthesis, homologous recombination, and pyrimidine metabolism were increased to resist N stress.


[image: Figure 4]
FIGURE 4. KEGG enrichment pathways by the DEGs. (A) Top 10 down-regulated pathways. (B) Top 15 up-regulated pathways. The x-axis is the enrichment score, which reflects the proportion of DEGs in a given pathway. The circle size indicates the number of DEGs in the pathway, and the larger circle is comprised of more DEGs. The bubble color changes from purple to blue, green, and red; and the smaller the enrichment P-value, the greater the statistical significance.




RNA-seq Validation by RT-qPCR

Thirteen genes were randomly selected to verify RNA-seq results. The down-regulated genes under N starvation conditions by RNA-seq (P < 0.05) included plastocyanin (PETE), PS I reaction center subunit (PS I-K), chlorophyll a-b binding protein (LHBC), protochlorophyllide reductase (PORA), homolog gene OsI_012078, calcineurin B-like protein 3 (CBL3), and two heat shock factor protein genes (HSFB2A, HSP70). The up-regulated genes included auxin (PIN9), histidine kinase (mak2), Wall-associated receptor kinase (WAK5), ribosome biogenesis in eukaryotes (CDC48C), and DNA activities (SMC6B) genes. Then, we took grains at the mid-filling stage with four consecutive years of N0 and Nck treatment as materials and analyzed the relative expression by RT-qPCR. The correlation coefficient of relative expression (log2FC) among the 13 genes with three biological replicates determined by RT-qPCR were extremely correlated (γ = 0.8238, P < 0.01) with those obtained from the RNA-seq (Supplementary Figure 4). Namely, the results confirmed the accuracy of RNA-seq in this study.



Down-Regulated DEGs Associated With Photosynthesis by N Deficiency

Photosynthesis was dramatically reduced upon adaptation to N-deficient conditions. Fifty-one DEGs were down-regulated after continuous low-N-stress, which indicated the inhibition of photosynthesis-related pathways, such as, chlorophyll synthesis, chloroplast development, PSI, PSII, light-harvesting chlorophyll (LHC) protein complex, electron carrier activity, CO2 assimilation, and stomatal closure (Figure 5). For example, the expressions of PORA and CPX, which are involved in porphyrin and chlorophyll metabolism, were notably lower in N0 compared to the Nck condition. Five DEGs hampered chloroplast development. Nine DEGs related to the PSI reaction center subunit protein decreased electron transport. Eleven DEGs associated with Chl a/b binding (CAB) proteins reduced light harvesting. During photosynthesis, water oxidation occurs in the oxygen-evolving complex (OEC). Three oxygen-evolving enhancer protein 3 (OEE3) and four PS II 10 kDa polypeptide (PSBR) genes associated with the OEC of PSII were down-regulated. Furthermore, N-deficiency also affected CO2 assimilation and the Calvin Cycle through RBCX1 and RBCX2, which have been linked to the inhibition of stomatal guard cell development (Kolesiński et al., 2011), Rubisco activity, and chloroplast activity during dark periods (Marri et al., 2010).
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FIGURE 5. Fifty-one down-regulated DEGs suggesting inhibited photosynthesis under N starvation conditions. The relative expression levels as described by log2FC (FC is the fold change of RPKM means N0/Nck) are represented by a color gradient from low (green) to high (red). Under N-starvation conditions, the DEGs with log2FC > 0 represent up-regulated expression, log2FC < 0 represents down-regulated expression, and log2FC = 0 represents unchanged expression.




Amino Acid and Sugars Metabolism-Related DEGs by RNA-seq

The reduction of photosynthesis might affect amino acid and sugar metabolism in wheat grain grown under low N stress conditions. RNA-seq analysis showed that 24 DEGs might be associated with the reduction of amino acids synthesis or transport, such as serine (4), lysine (3), aspartic acid (2), arginine (1), proline (1), glycine (1), cysteine (1), tyrosine (1), and the inhibition of protein synthesis (5), and amino acid or peptide transport (5) (Figure 6). Twenty-one DEGs promoted the synthesis and transport of sugars, such as glucose (4), galactose (2), polyol (1), and sugars related to cell wall synthesis (14) (Figure 6).


[image: Figure 6]
FIGURE 6. DEGs related to amino acid and sugar synthesis under N starvation conditions. Twenty-four DEGs associated with amino acid synthesis decreased the level of amino acids. Twenty-one DEGs associated with sugar synthesis increased the sugar level in the endosperm and episperm (mainly representing the cell wall). Six DEGs were significantly expressed that promote cell wall synthesis. The relative expression levels as described by log2FC (FC is the fold change of RPKM means N0/Nck) are represented by a color gradient from low (green) to high (red). Under N-starvation conditions, the DEGs with log2FC > 0 represent up-regulated expression, log2FC < 0 represents down-regulated expression, and log2FC = 0 represents unchanged expression.




Up-Regulated DEGs Under N-Deficiency Conditions

In order to resist N starvation, most of the up-regulated DEGs were related to energy consumption, ion uptake and transport, disease, abiotic stress resistance, and oxidative stress scavenging. Seventy-one DEGs were increased, mainly involving the structural constituents of ribosomes (4), ribosome biogenesis in eukaryotes (8), RNA transport, splicing, and modification (18), DNA replication, DNA recombination, DNA repair, chromatin stabilization (22), the cell cycle and division (16), and cell proliferation (3) (Supplementary Table 6). However, energy consumption was also increased based on the above changes, as eight mitochondrial-associated genes were up-regulated, especially four Rf1 genes increased by 2.35- to 4.26-fold (log2FC) with N0 treatment (Figure 7). Ten DEGs were related to iron uptake and transport, of which seven DEGs were up-regulated (log2FC = 1.01–1.87) to promote nutrient iron assimilation and transport, including low-affinity nitrate, sulfate, boron, chloride, and copper under N-deficient conditions (Figure 7; Supplementary Table 7). Seventeen DEGs related to disease resistance ability were identified, and 71% of these were up-regulated (Figure 7; Supplementary Table 7). Eighteen DEGs related to abiotic stress resistance were significantly expressed, of which 72% were up-regulated (log2FC = 1.01–4.16) to resist N starvation, mainly including resistance to cold stress (3 DEGs), salt stress (5 DEGs), sulfur-deficiency stress (2 DEGs), drought stress (2 DEGs), cadmium toxication (2 DEGs), and photosystem repair (1 DEG) (Figure 7; Supplementary Table 7). In addition, 13 DEGs were up-regulated to elevate antioxidant defense (Figure 7). Two chaperone protein genes (ATJ13, ATJ49), a peroxidases gene (PER52), and an NADPH-dependent oxidoreductase gene (AER) were contributing to the removal of H2O2 and toxic reductants. Three TFs (R-S, SPL3, and SPL4) and three genes (ABCB19, LNK1, and DTX41) promoted the accumulation of anthocyanidin. Moreover, the higher expression of FLS and CYPs family genes participated in flavonoid, benzoxazinoid, or phenylpropanoid biosynthesis to improve oxidation resistance ability.


[image: Figure 7]
FIGURE 7. DEGs related to energy consumption, ion uptake and transport, disease resistance, abiotic stress resistance, and oxidative stress scavenging under N starvation conditions. The relative expression levels as described by log2FC (FC is the fold change of RPKM means N0/Nck) are represented by a color gradient from low (green) to high (red). Under N-starvation conditions, the DEGs with log2FC > 0 represent up-regulated expression, log2FC < 0 represents down-regulated expression, and log2FC = 0 represents unchanged expression.




Metabolomics Analysis

A total of 280 detectable metabolites and their relative content levels are shown in a data matrix (Supplementary Table 8). The data show that 77 differentially accumulated metabolites were detected under N deficient conditions, namely, sugars (17), organic acids (14), amino acids (12), fatty acids (8), amines (8), lipidol (5), nucleic acids (3), and others (10) (Table 3). The clustering heatmap of content levels for differential metabolites with N0 and Nck is shown in Supplementary Figure 3. It can be seen that the repeatability of six experiment groups and six control groups was excellent and presented a significant degree of separation of N0 and Nck. In response to N deficiency, 61% of the metabolites were down-regulated in wheat grain, including all nucleic acids, 71% of organic acids, 75% of amino acids, 75% of fatty acids, 80% of the lipidol, and 88% of amines. In addition, 39% of the metabolites were up-regulated with N0, which mainly included 94% of the sugars. It is worth noting that the contents of arachidonic acid and hexadecane were increased under N stress conditions, 83,937 and 2,113,971-fold compared with normal N fertilizer application, respectively.


Table 3. Seventy-seven metabolites identified in wheat grain with N0 and Nck treatments.

[image: Table 3]

A metabolic network diagram based on 39 DAMs of wheat grain in the mid-filling stage is shown in Figure 8. From this network, it is apparent that the down-regulated metabolites (64%) were mainly involved in N metabolism, as indicated by the significant decrease in amino acid content of ornithine, L-cysteine, cysteinylglycine, aspartic acid, and tyrosine by 17–42%, which resulted in a 18.6% reduction in the crude protein content of mature grains. This is likely due to the significant reduction of many intermediate metabolites of the tricarboxylic acid cycle (TAC) under N deficiency conditions. The down-regulated metabolites included pipecolinic acid and carnitine in aspartic acid as well as lysine metabolism, maleimide and 5-methoxytryptamine in tryptophan metabolism, and putrescine in ornithine and arginine pathways. In order to resist N deficiency, sugar-related metabolites increased, particularly those of the pentose phosphate pathway (PPP), such as trehalose, lyxose, gluconic acid, and ribose. This is likely because of the impediment of glycolysis under N0.


[image: Figure 8]
FIGURE 8. Metabolic pathway network of differentially accumulated metabolites under N0 and Nck conditions. The relative content levels of metabolites are shown in column charts: orange color column represents N0, and blue color represents Nck. The words in green color represent down-regulated metabolites, and those in red color represent up-regulated metabolites. The errors are shown in all bar graphs, and a significant difference between N0 and Nck in each metabolite is also evaluated, *P < 0.05 significant difference, **P < 0.01 extremely significant difference.





DISCUSSION


Photosynthesis Was Inhibited Under N-Deficiency

Nitrogen deficiency is a significant limiting factor of growth, grain yield, and grain quality of wheat, a crop that has a high N fertilizer demand (Salvagiotti and Miralles, 2008; Masclaux-Daubresse et al., 2010; Liu et al., 2020b). Chronic nitrogen starvation negatively affected plant height, tillering, flag leaf area, spike and seed traits, and grain total N content in durum wheat (Curci et al., 2017). Here, we also found that low-N treatment significantly decreased plant height, leaf length and width, grains/spike, and spikes/hm2, and resulted in a decrease in grain yield and protein content by 19.3 and 18.6%, respectively, under N0 conditions compared with the Nck conditions. Chloroplasts are vital organelles of photosynthetic cells in plants (Kirchhoff, 2013), and ~75% of N is allocated to chloroplasts to synthesize the photosynthetic apparatus, including thylakoid membranes and related enzymes. Therefore, insufficient N fertilizer influences chloroplast structure (Bondada and Syvertsen, 2005) and decreases chlorophyll content, leading to yellowing leaf (Diaz et al., 2006) and ultimately impeding photosynthesis (Antal et al., 2010; Wei et al., 2016). We found that photosynthesis was the most heavily influenced pathway by N-deficiency through GO and KEGG analyses. PORA homologs, associated with PORA, were down-regulated 1.36- to 2.81-fold under N0 conditions (Figure 5), and a similar result was also found in Arabidopsis, resulting in a reduction of chlorophyll levels by ~30% under tested N limiting conditions (Bi et al., 2007). From the phenotypic observations of the authors, the SPAD value and Pn of flag leaf decreased by 32 and 15.2%, respectively, consistent with the transcriptome results. Generally, the predominant down-regulation of genes related to photosynthesis and light harvesting has been often observed in wheat grain during the early filling stage (Sultana et al., 2020). Here, we also observed a similar phenomenon in medium-filling wheat grain in response to N-deficiency, which was a continuous stress adaption for wheat grain.

In a complete photosynthetic system, the PSI and PSII complexes harvest and transfer light to the photosynthetic reaction center known as P680 for PSII and P700 for PSI to initiate electron transport and energy transfer (Ruban, 2014). Here we found the DEGs relative to PSI reaction center complexes included PSI-N, PSI-F, PSI-K (2), PSI-O (3), PSI-P, PETE, and PNSB2, which showed a reduced response to N-deficiency. These DEGs was previously reported that linked with plastocyanin docking to the PSI complex and carried out effective electron transport (Jensen et al., 2004; Khrouchtchova et al., 2005). PET family genes were found to be down-regulated in wheat shoot and root under N-starvation conditions to reduce photosynthesis (Xin et al., 2020). Photosystem II reaction center complexes such as PSBR protein were down-regulated in wheat seedling (Wang et al., 2019) and wheat grain under N stress conditions (Sultana et al., 2020). Here, we also found four down-regulated PSBR genes inhibited photosynthesis (Figure 5), which was consistent with the previous results. Each photosystem comprises a core complex and a peripheral antenna system, light-harvesting complex I (LHCI) for PSI, and light-harvesting complex II (LHCII) for PSII, respectively. Light-harvesting complex II combines ~50% of photosynthetic pigments and nearly 1/3 of chloroplast membrane proteins, and is a major photo-capture and transfer complex in PSII (Standfuss et al., 2005). The CAB proteins are a highly conserved family of nuclear-encoded proteins that belong to the LHC protein family (Dolganov et al., 1995). Eleven CAB genes belonging to the LHCII type were all down-regulated including CAB-1 (2), CAB-3C (3), the homolog gene LHBC (2), OsI_012078 (3), and WHAB1.6 (1) (Figure 5), which was also the most down-regulated gene in wheat leaves and grain during and after anthesis under N-deficiency conditions (Sultana et al., 2020). Abscisic acid (ABA) plays a key role in promoting stomatal closure (Cai et al., 2017). Here, the down-regulation of CYP707A5 (2) and PYL4 likely restrained ABA degradation and also resulted in stomatal closure and the reduction of photosynthesis (Figure 5), which was an adaptation to low-Nin wheat. Similar mechanisms were demonstrated in Arabidopsis guard-cells in response to drought (Virlouvet and Fromm, 2015).



Adaptive Mechanism of Amino Acids and Sugars Metabolism Under N-Deficiency Conditions

Amino acids are the major form in which N is remobilized from leaves to the grain during grain filling (Howarth et al., 2008). An insufficient N supply in leaves resulted in a reduction of protein and amino acids in wheat grain, especially leucine and phenylalanine (Zhang et al., 2016). Here, we found cysteine and aspartate were all decreased by RNA-seq and metabolic analyses, which may be the main reason for the reduction of gluten content. However, some amino acids or organic acids such as proline, glutamate, and γ-aminobutyric acid (GABA), are also synthesized in large amounts when plants experience stress, i.e., wheat and barley in cold and drought stress, and a higher accumulation of glutamate will induce more substantial generation of GABA (Mazzucotelli et al., 2006; Vergara-Diaz et al., 2020). In this study, the metabolomic analysis demonstrated that the TCA cycle was inhibited by insufficient N-supply in the whole growth stage, leading to a large accumulation of intermediate products such as β-glutamate and GABA (Figure 8). Moreover, RNA-seq data also indicated the glutamate synthesis genes, such as GATB, the homologous gene to At1g74260, and GLR3.4 genes were expressed at high levels (Supplementary Table 3), which might enhance the accumulation of glutamate. The top up-regulated genes found in wheat grain at 10 DAP were glutamate dehydrogenase and glutamine synthase (Sultana et al., 2020), which was a tolerance mechanism to low N conditions, in agreement with the results.

Interestingly, although amino acid levels in grain decreased, the TGW increased under N-deficiency conditions. The mature wheat grain comprises three major components, about 60–70% starch, 12–18% proteins, and 12–16% fiber (Andersson et al., 2013), which, together, account for ~90% of the dry weight (Shewry et al., 2013). In the experiment, the protein content decreased by 18.6% with N0 treatment. However, the TGW of Nck increased by 12.5% under N0 conditions, which demonstrated that the 31.1% difference in grain weight was mainly caused by the difference in starch and fiber content. The major components of fiber and starch are all polysaccharides, thus an increase in TGW is linked to an increase in sugar accumulation. Under field conditions, the No. grains/spike and No. spikes/hm2 were reduced by 25.6 and 3.7%, respectively, with N0 treatment compared with Nck treatment, which caused fewer grains per unit area and provided more N supply for each grain. Together, these factors might be responsible for the higher C:N ratio in the N0 wheat plants compared with the Nck plants, which thereby promoted sugar synthesis and transport in grain, and ultimately resulted in increased total sugar content and C/N ratio of N0 grain by 26.5 and 55.3%, respectively, compared with that of Nck grain (Figure 2).

Here, we found the difference in total sugar of N0 and Nck was mainly due to the fiber content difference in both bran fraction and white flour, including the aleurone layer and endosperm. Wheat fiber mainly comprises non-starch polysaccharides derived from the cell walls (Gebruers et al., 2010), which contain about 70% arabinoxylan and 20% β-glucan (Mares and Stone, 1973). RNA-seq results have revealed that six significantly expressed genes induced an increase in xylan and glucan, another eight homologous genes also suggest increased galactosan, sucrose, and monosaccharide contents, as well as six genes that promoted cell wall synthesis. Together, these changes promoted sugar accumulation in the cell wall and increased fiber content in matured grain under N-deficiency conditions. Moreover, the weight proportion of fiber content in total sugars of the N0 bran fraction and white flour was 18.9 and 12.2%, respectively, which was higher than that of the Nck bran fraction (18.21%) and white flour (9.21%) (Figure 2); these data indicated that fiber content in endosperm was significantly increased under N0 conditions. Previous studies have stated that the extensibility of the cell wall can be increased by the overexpression of expansin genes in wheat roots to increase N absorption efficiency under low-N stress conditions (Xin et al., 2020). The cell wall was shown to thicken and had a higher galactose content following N stress in Arabidopsis (Chrost et al., 2007; Pandey et al., 2017). As a consequence, the increase in fiber components such as xylan and glucan in endosperm might be a key reason for higher TGW under N-deficiency conditions.

Starch generally accounts for about 80% of the dry weight of starchy endosperm, which is largely responsible for the increase in grain size and weight (Shewry et al., 2013). However, only 55–64% of starch in total sugar was determined in bran and white flour, which indicated that soluble sugars were not transformed to starch under N-deficiency conditions. RNA-seq and metabolomic analyses also identified that soluble sugars such as galactose and glucose were increased with N0 treatment, which likely occurred through the up-regulation of four metabolites (3,6-anhydro-D-galactose, galactinol, galacturonic acid, and isopropyl-β-D-thiogalactopyranoside) and two gene homologs (Os01g0580200, Os02g0219200) related to galactose synthesis, and up-regulation of two metabolites (gluconic acid and 1,5-anhydroglucitol) and four genes (bglC, BGLU32, CGT, and hga6) related to glucose synthesis (Figure 6; Table 3).

The PPP in plants accounts for more than 50% of sugar metabolism and is responsive to stresses. Recent studies have reported that the PPP plays an important role in tolerating nitrate stress (Lin et al., 2020) and cold acclimation responses (Sarkar and Bhowmik, 2009). In the PPP, glucose is directly oxidized and decomposed independently of glycolysis and the TAC. According to the data, the PPP was altered by the up-regulation of trehalose, lyxose, ribose, gluconic acid, tagatose, galactinol, and myo-inositol, indicating that glycolysis was inhibited to a certain extent to protect wheat under N deficiency conditions (Figure 8). Sugars such as sucrose and inositol protect cell membranes during cold stress (Janská et al., 2010). Therefore, the increase in sugars is not only likely a cause of the increase in TGW but also a response mechanism to N stress.



Resistance Mechanisms of Wheat Grain to N-Deficiency Stress

Wheat has developed many mechanisms to facilitate tolerance to N deficiency, such as enhancing nucleotide metabolism, nitrogen and sulfate transport, and steroid biosynthesis (Guo et al., 2014; Sultana et al., 2020; Xin et al., 2020). Here, the up-regulation of SMC6B, BRCA1, BARD1, and FAS2 likely facilitates the repair of double-stranded DNA breaks via homologous recombination. Boyko et al. (2010) also found that Arabidopsis plants confirmed a higher frequency of homologous recombination in response to abiotic stress under the exposure of stressors such as heat, cold, salt, flood, and ultraviolet radiation, which is consistent with the findings. Histone-related genes such as TH123, H2B.2, and hh4 play a central role in transcriptional regulation, upon which upregulation promotes chromosome stability, DNA repair, and replication, as well as regulated chromatin remodeling under low-N conditions. Moreover, evidence has pointed to chromatin remodeling as a key mechanism in promoting plant stress responses (Ding et al., 2012). Sultana et al. (2020) found that DEGs related to nucleotide metabolism of wheat leaf and grain were positively up-regulated under N-starvation conditions at anthesis and 10 days after anthesis. This study showed similar results at the grain-filling stage, which reflected a similar stress resistance mechanism to N-deficiency at different growth stages.

Wheat can improve iron uptake and transportability to resist N-deficiency, such as by up-regulating high-affinity transporters of the NRT1/PTR family protein 2.2 (Sultana et al., 2020). Here, we observed low-affinity nitrate transporters (NPF1.2) involved in xylem-to-phloem transport of nitrate into developing leaves (Figure 7) (Hsu and Tsay, 2013). Lower CTK levels might promote the transport of high-affinity [image: image] (Ruffel et al., 2011). CKX3 encodes a cytokinin dehydrogenase and functions in catalyzing the degradation of CTK (Werner et al., 2003). CKX3 up-regulation (Supplementary Table 9) will reduce CTK levels and enhance the assimilation of high-affinity [image: image] and N-deficiency tolerance, consistent with wild barley under N stress conditions (Quan et al., 2016). In addition, a sulfate transporter was reported to be more highly expressed in wheat leaf and grain during the anthesis period under N-stress conditions (Sultana et al., 2020). Here, the high-affinity H+/sulfate cotransporter (SULTR1;2) and sulfur deficiency-induced two homologous genes of At1g04770 were up-regulated, which likely promoted sulfate assimilation for grain under N-deficiency conditions (Rouached et al., 2008; Howarth et al., 2009) (Figure 7), Disease resistance proteins guard the plant against pathogens (Cesari et al., 2013). We found that the expression of nine wheat homologs encoding disease resistance proteins was increased under LN stress conditions, including two RGA2 homologs, RGA3, RGA4, RGA5, two RPM1 homologs, and two RPP13 genes (Figure 7). FTSH5 is involved in thylakoid formation (Järvi et al., 2016) and in the removal of damaged protein in PSII, which contributes to the prevention of cell death under high-intensity light conditions (Kato et al., 2009), which likely promoted the repair of PS II under N stress conditions (Figure 7). Cadmium is a toxic element to plants. The two heavy-metal-binding protein genes, HIPP05 and HIPP27, involved in cadmium detoxification (Abreu-Neto et al., 2013) were up-regulated upon N deficiency (Figure 7).

Under N starvation conditions, the electron transport system is hindered, which induces a massive accumulation of reactive oxygen species (ROS) (Shin et al., 2005; Lin et al., 2020). In order to resist oxidative stress, crops such as rice (Lian et al., 2006) and wheat (Wang et al., 2019) have developed antioxidant defense systems to detoxify ROS. Cytochrome P450s (CYPs) play a vital role in ROS detoxification (Mizutani and Ohta, 2010). Currently, we found that five CYPs DEGs were up-regulated (log2FC = 1–3.39) (Figure 7), which is in agreement with findings in barley at the seedling stage (Quan et al., 2016) and durum wheat at the late milk developmental stage (Curci et al., 2017). In Arabidopsis, the biosynthesis and accumulation of phenylpropanoids (including anthocyanin) were increased by N deficiency (Bollivar, 2006; Diaz et al., 2006). Here, the phenylpropanoid biosynthesis pathway (Figure 4) and DEGs related to anthocyanin and phenylpropanoid bisosynthesis (Figure 7) were together increased in wheat grain under N-deficiency condition, it should be considered as a N-stress resistant response, which was also observed in the wheat leaf (Sultana et al., 2020).

It has been proposed that some phytohormones, TFs, and protein kinases (PKs) coordinate the demand and acquisition of N (Argueso et al., 2009; Curci et al., 2017). In this study, the DEGs associated with hormones, TFs, and PKs under N-deficiency conditions are shown in Supplementary Table 9. Transcription factors, as important natural regulators for gene expression, seem to play a role in response to abiotic stress (Liu et al., 2014). Seven TFs related to ethylene synthesis were down-regulated, which may slow down leaf senescence and grain maturation process. Moreover, aminocyclopropane-1-carboxylate (ACC) oxidase (ACO) is a rate-limiting enzyme in ethylene synthesis and was previously shown to be down- regulated under low-N stress conditions (Quan et al., 2016). The up-regulation of ARF11 and PIN would promote auxin accumulation and enhance grain-filling in the midterm of N0 treatment, consistent with the sugar increase in grain discussed above. Brassinosteroids (BRs) are a type of steroid that promote photosynthetic activity (Sakamoto et al., 2006) and are also reported to be involved in enhancing wheat N-deficiency tolerance and rice drought tolerance (Hayes, 2019). Here we found that pif1, a typical bHLH TF that negatively regulates BRs signaling (Wang et al., 2009), was down-regulated under low-N stress conditions. FAR1 (far-red impaired response 1) is a TF in the phytochrome A (phA) signaling pathway that has been implicated in improving drought resistance in Arabidopsis (Tang et al., 2013) and regulates starch synthesis metabolism (Casal, 2000). Here, we found two FRS5 genes were up-regulated, which increased the tolerance to low N-stress. TIFY is a plant-specific TF, and the over-expression of TIFY10 in wild bean increased the ability to cope with salt stress (Zhu et al., 2011). Here, we found that two TIFY10c genes were up-regulated by 1.59- and 2.38-fold (log2FC) with N0 treatment, respectively. Leucine-rich repeat receptor-like kinases (LRRs), serine threonine-protein kinase (STKs), and wall-associated kinases (WAKs) are key PKs that participate in cell signal transduction response to abiotic stress (Rudrabhatla and Rajasekharan, 2002; Molle and Kremer, 2010). Here, 11 genes encoding LRRs (3), STKs (4), and WAKs (4) were upregulated, which may be involved in plant defense signaling during N stress. WAKs are signaling receptors at the cell surface and may contribute to cell wall synthesis. AHK1 is a histidine kinase and positive regulator of drought and salt stress responses (Tran et al., 2007), and the up-regulation of histidine kinase genes that we observed (AHK1 and mak2) might be involved in a resistance mechanism to N stress.




CONCLUSION

This study carried out a complete assessment of the impact on distinct N regimes applied at the seedling stage with continuous application on filling and maturing wheat grains through phenotypic, transcriptomic, and metabolomic measurements. The results showed that photosynthesis was dramatically decreased during grain filling under N-deficiency conditions throughout the entire growth period. The higher C/N ratio under N-deficient conditions decreased grain protein content, but enhanced sugar and starch synthesis per grain to increase the TGW, which we posit as due to increased cell wall synthesis and fiber content in the endosperm. However, only one N-application rate was selected for transcription and metabolites analysis, which might be inadequate in explaining the molecular mechanisms of different N application regimens in field production. Therefore, additional treatments should be considered for future study.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: NCBI repository, accession: PRJNA707202.



AUTHOR CONTRIBUTIONS

YW contributed to the experimental design, yield and quality indicator measurements, data analyses, and original draft preparation. DW conducted data analyses, sequence BLASTs, and gene annotation, as well as measured the content of starch and fiber. GZ and XC conceived the study, carried out field management, and revised the manuscript. ZT, ZG, and YY helped with sample preparation and Pn and SPAD flag leaf measurements. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Key Research and Development Program of China (2016YFD0300407) and China Agriculture Research System of MOF and MARA (CARS-03).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.674433/full#supplementary-material



REFERENCES

 Abreu-Neto, J. B., Turchetto-Zolet, A. C., Oliveira, L. F. V., Zanettini, M. H. B., and Margis-Pinheiro, M. (2013). Heavy metal-associated isoprenylated plant protein (HIPP): characterization of a family of proteins exclusive to plants. FEBS J. 280, 1604–1616. doi: 10.1111/febs.12159

 Amirbakhtiar, N., Ismaili, A., Ghaffari, M. R., Nazarian, F. F., and Shobbar, Z. S. (2019). Transcriptome response of roots to salt stress in a salinity-tolerant bread wheat cultivar. PLoS ONE 14:e0213305. doi: 10.1371/journal.pone.0213305

 Anders, S., and Huber, W. (2012). Differential Expression of RNA-Seq Data at the Gene Level – The DESeq Package.

 Andersson, A. A. M., Andersson, R., Lampi, A. M., Nyström, L., Boros, D., Fras,', A., et al. (2013). Contents of dietary fibre components and their relation to associated bioactive components in whole grain wheat samples from the HEALTHGRAIN diversity screen. Food Chem. 136, 1243–1248. doi: 10.1016/j.foodchem.2012.09.074

 Antal, T., Mattila, H., Hakala-Yatkin, M., Tyystjärvi, T., and Tyystjärvi, E. (2010). Acclimation of photosynthesis to nitrogen deficiency in Phaseolus vulgaris. Planta 232, 887–898. doi: 10.1007/s00425-010-1227-5

 Argueso, C. T., Ferreira, F. J., and Kieber, J. J. (2009). Environmental perception avenues: the interaction of cytokinin and environmental response pathways. Plant Cell Environ. 32, 1147–1160. doi: 10.1111/j.1365-3040.2009.01940.x

 Ashraf, M. (2014). Stress-induced changes in wheat grain composition and quality. Crit. Rev. Food Sci. Nutr. 54, 1576–1583. doi: 10.1080/10408398.2011.644354

 Barraclough, P. B., Howarth, J. R., Jones, J., Lopez-Bellido, R., Parmar, S., Shepherd, C. E., et al. (2010). Nitrogen efficiency of wheat: genotypic and environmental variation and prospects for improvement. Eur. J. Agron. 33, 1–11. doi: 10.1016/j.eja.2010.01.005

 Bi, Y. M., Wang, R. L., Zhu, T., and Rothstein, S. J. (2007). Global transcription profiling reveals differential responses to chronic nitrogen stress and putative nitrogen regulatory components in Arabidopsis. BMC Genomics 8:281. doi: 10.1186/1471-2164-8-281

 Bollivar, D. W. (2006). Recent advances in chlorophyll biosynthesis. Photosyn. Res. 90, 173–194. doi: 10.1007/s11120-006-9076-6

 Bondada, B. R., and Syvertsen, J. P. (2005). Concurrent changes in net CO2 assimilation and chloroplast ultrastructure in nitrogen deficient citrus leaves. Environ. Exp. Bot. 54, 41–48. doi: 10.1016/j.envexpbot.2004.05.005


 Bowne, J., Bacic, A., Tester, M., and Roessner, U. (2011). Abiotic stress and metabolomics. Annu. Plant Rev. 43, 61–85. doi: 10.1002/9781444339956.ch3

 Boyko, A., Blevins, T., Yao, Y., Golubov, A., Bilichak, A., Ilnytskyy, Y., et al. (2010). Transgenerational adaptation of Arabidopsis to stress requires DNA methylation and the function of dicer-like proteins. PLoS ONE 5:e9514. doi: 10.1371/annotation/726f31b5-99c4-44e9-9cd6-b8d66b3f6038

 Cai, S., Chen, G., Wang, Y., Huang, Y., Marchant, D. B., Wang, Y., et al. (2017). Evolutionary conservation of ABA signaling for stomatal closure. Plant Physiol. 174, 732–747. doi: 10.1104/pp.16.01848

 Casal, J. J. (2000). Phytochromes, cryptochromes, phototropin: photoreceptor Interactions in plants. Photochem. Photobiol. 71, 1–11. doi: 10.1562/0031-8655(2000)071andlt;0001:PCPPIIandgt;2.0.CO;2

 Cesari, S., Thilliez, G., Ribot, C., Chalvon, V., Michel, C., Jauneau, A., et al. (2013). The rice resistance protein pair RGA4/RGA5 recognizes the magnaporthe oryzae effectors AVR-Pia and AVR1-CO39 by direct binding. Plant Cell 25, 1463–1481. doi: 10.1105/tpc.112.107201

 Chrost, B., Kolukisaoglu, U., Schulz, B., and Krupinska, K. (2007). An α-galactosidase with an essential function during leaf development. Planta 225, 311–320. doi: 10.1007/s00425-006-0350-9

 Clegg, K. M. (1956). The application of the anthrone reagent to the estimation of starch in cereals. J. Sci. Food Agric. 7, 40–44. doi: 10.1002/jsfa.2740070108

 Curci, P. L., Aiese Cigliano, R., Zuluaga, D. L., Janni, M., Sanseverino, W., and Sonnante, G. (2017). Transcriptomic response of durum wheat to nitrogen starvation. Sci. Rep. doi: 10.1038/s41598-017-01377-0

 Diaz, C., Saliba-Colombani, V., Loudet, O., Belluomo, P., Moreau, L., Daniel-Vedele, F., et al. (2006). Leaf yellowing and anthocyanin accumulation are two genetically independent strategies in response to nitrogen limitation in Arabidopsis thaliana. Plant Cell Physiol. 47, 74–83. doi: 10.1093/pcp/pci225

 Ding, Y., Fromm, M., and Avramova, Z. (2012). Multiple exposures to drought ‘train' transcriptional responses in Arabidopsis. Nat. Commun. 3:740. doi: 10.1038/ncomms1732

 Dolganov, N. A., Bhaya, D., and Grossman, A. R. (1995). Cyanobacterial protein with similarity to the chlorophyll a/b binding proteins of higher plants: evolution and regulation. Proc. Natl. Acad. Sci. U.S.A. 92, 636–640. doi: 10.1073/pnas.92.2.636

 Feng, Y., Zhao, Y., Wang, K., Li, Y. C., Wang, X., and Yin, J. (2016). Identification of vernalization responsive genes in the winter wheat cultivar Jing841 by transcriptome sequencing. J. Genet. 95, 957–964. doi: 10.1007/s12041-016-0724-0

 Gaju, O., Allard, V., Martre, P., Snape, J. W., Heumez, E., LeGouis, J., et al. (2011). Identification of traits to improve the nitrogen-use efficiency of wheat genotypes. Field Crops Res. 123, 139–152. doi: 10.1016/j.fcr.2011.05.010

 Gebruers, K., Dornez, E., Bedõ, Z., Rakszegi, M., Frás, A., Boros, D., et al. (2010). Environment and genotype effects on the content of dietary fiber and its components in wheat in the HEALTHGRAIN diversity screen. J. Agric. Food Chem. 58, 9353–9361. doi: 10.1021/jf100447g

 Guo, T., Xuan, H., Yang, Y., Wang, L., Wei, L., Wang, Y., et al. (2014). Transcription analysis of genes encoding the wheat root transporter NRT1 and NRT2 families during nitrogen starvation. J. Plant Growth Regul. 33, 837–848. doi: 10.1007/s00344-014-9435-z

 Hayes, S. (2019). BRacing for water stress: brassinosteroid signaling promotes drought survival in wheat. Plant Physiol. 180, 18–19. doi: 10.1104/pp.19.00314

 Henry, R. J., Furtado, A., and Rangan, P. (2018). Wheat seed transcriptome reveals genes controlling key traits for human preference and crop adaptation. Curr. Opin. Plant Biol. 45(Pt B), 231–236. doi: 10.1016/j.pbi.2018.05.002

 Hirel, B., Le Gouis, J., Ney, B., and Gallais, A. (2007). The challenge of improving nitrogen use efficiency in crop plants: towards a more central role for genetic variability and quantitative genetics within integrated approaches. J. Exp. Bot. 58, 2369–2387. doi: 10.1093/jxb/erm097

 Hong, Y., Ni, S. J., and Zhang, G. P. (2020). Transcriptome and metabolome analysis reveals regulatory networks and key genes controlling barley malting quality in responses to drought stress. Plant Physiol. Biochem. 152, 1–11. doi: 10.1016/j.plaphy.2020.04.029

 Howarth, J. R., Parmar, S., Barraclough, P. B., and Hawkesford, M. J. (2009). A sulphur deficiency-induced gene, sdi1, involved in the utilization of stored sulphate pools under sulphur-limiting conditions has potential as a diagnostic indicator of sulphur nutritional status. Plant Biotechnol. J. 7, 200–209. doi: 10.1111/j.1467-7652.2008.00391.x

 Howarth, J. R., Parmar, S., Jones, J., Shepherd, C. E., Corol, D. I., Galster, A. M., et al. (2008). Co-ordinated expression of amino acid metabolism in response to N and S deficiency during wheat grain filling. J. Exp. Bot. 59, 3675–3689. doi: 10.1093/jxb/ern218

 Hsu, P. K., and Tsay, Y. F. (2013). Two phloem nitrate transporters, NRT1.11 and NRT1.12, are important for redistributing xylem-borne nitrate to enhance plant growth. Plant Physiol. 163, 844–856. doi: 10.1104/pp.113.226563

 Hu, H., He, J., Zhao, J., Ou, X., Li, H., and Ru, Z. (2018). Low pH stress responsive transcriptome of seedling roots in wheat (Triticum aestivum L.). Genes Genomics 40, 1199–1211. doi: 10.1007/s13258-018-0680-6

 Huang, C. Y., Roessner, U., Eickmeier, I., Genc, Y., Callahan, D. L., Shirley, N., et al. (2008). Metabolite profiling reveals distinct changes in carbon and nitrogen metabolism in phosphate-deficient barley plants (Hordeum vulgare L.). Plant Cell Physiol. 49, 691–703. doi: 10.1093/pcp/pcn044

 Janská, A., Maršík, P., Zelenková, S., and Ovesná, J. (2010). Cold stress and acclimation - what is important for metabolic adjustment? Plant Biol. 12, 395–405. doi: 10.1111/j.1438-8677.2009.00299.x

 Järvi, S., Suorsa, M., Tadini, L., Ivanauskaite, A., Rantala, S., Allahverdiyeva, Y., et al. (2016). Thylakoid-bound FtsH facilitates proper biosynthesis of photosystem I. Plant Physiol. 171, 1333–1343. doi: 10.1104/pp.16.00200

 Jensen, P. E., Haldrup, A., Zhang, S., and Scheller, H. V. (2004). The PSI-O subunit of plant photosystem I is involved in balancing the excitation pressure between the two photosystems. J. Biol. Chem. 279, 24212–24217. doi: 10.1074/jbc.M403147200

 Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M., Itoh, M., et al. (2008). KEGG for linking genomes to life and the environment. Nucleic Acids Res. 36, 480–484. doi: 10.1093/nar/gkm882

 Kato, Y., Miura, E., Ido, K., Ifuku, K., and Sakamoto, W. (2009). The variegated mutants lacking chloroplastic FtsHs are defective in D1 degradation and accumulate reactive oxygen species. Plant Physiol. 151, 1790–1801. doi: 10.1104/pp.109.146589

 Khrouchtchova, A., Hansson, M., Paakkarinen, V., Vainonen, J. P., Zhang, S., Jensen, P. E., et al. (2005). A previously found thylakoid membrane protein of 14kDa (TMP14) is a novel subunit of plant photosystem I and is designated PSI-P. FEBS Lett. 579, 4808–4812. doi: 10.1016/j.febslet.2005.07.061

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods. 12, 357–360. doi: 10.1038/nmeth.3317

 Kirchhoff, H. (2013). Architectural switches in plant thylakoid membranes. Photosyn. Res. 116, 481–487. doi: 10.1007/s11120-013-9843-0

 Kjeldahl, J. Z. (1883). A new method for the determination of nitrogen in organic bodies. Anal. Chem. 22, 366.

 Kolesiński, P., Piechota, J., and Szczepaniak, A. (2011). Initial characteristics of RbcX proteins from Arabidopsis thaliana. Plant Mol. Biol. 77, 447–459. doi: 10.1007/s11103-011-9823-8

 Laurentin, A., and Edwards, C. A. (2003). A microtiter modification of the anthrone-sulfuric acid colorimetric assay for glucose-based carbohydrates. Anal. Biochem. 315, 143–145 doi: 10.1016/S0003-2697(02)00704-2

 Lei, L., Li, G., Zhang, H., Powers, C., Fang, T., Chen, Y., et al. (2018). Nitrogen use efficiency is regulated by interacting proteins relevant to development in wheat. Plant Biotechnol. J. 16, 1214–1226. doi: 10.1111/pbi.12864

 Li, D., Tian, M., Cai, J., Jiang, D., Cao, W., and Dai, T. (2013). Effects of low nitrogen supply on relationships between photosynthesis and nitrogen status at different leaf position in wheat seedlings. Plant Growth Regul. 70, 257–263. doi: 10.1007/s10725-013-9797-4

 Li, M., Wang, R., Tian, H., and Gao, Y. (2018a). Transcriptome responses in wheat roots to colonization by the arbuscular mycorrhizal fungus Rhizophagus irregularis. Mycorrhiza 28, 747–759. doi: 10.1007/s00572-018-0868-2

 Li, M., Xu, J., Wang, X., Fu, H., Zhao, M., Wang, H., et al. (2018b). Photosynthetic characteristics and metabolic analyses of two soybean genotypes revealed adaptive strategies to low-nitrogen stress. J. Plant Physiol. 229, 132–141. doi: 10.1016/j.jplph.2018.07.009

 Lian, X., Wang, S., Zhang, J., Feng, Q., Zhang, L., Fan, D., et al. (2006). Expression profiles of 10,422 genes at early stage of low nitrogen stress in rice assayed using a cDNA microarray. Plant Mol. Biol. 60, 617–631. doi: 10.1007/s11103-005-5441-7

 Lin, D., Huang, Y., Zhao, J., Wu, Z., Liu, S., Qin, W., et al. (2020). Evaluation of seed nitrate assimilation and stimulation of phenolic-linked antioxidant on pentose phosphate pathway and nitrate reduction in three feed-plant species. BMC Plant Biol. 20:267. doi: 10.1186/s12870-020-02453-w

 Liu, D., Li, M., Liu, Y., and Shi, L. (2020a). Integration of the metabolome and transcriptome reveals the resistance mechanism to low nitrogen in wild soybean seedling roots. Environ. Exp. Bot. 175:104043. doi: 10.1016/j.envexpbot.2020.104043

 Liu, M., Wu, X., Li, C., Li, M., Xiong, T., and Tang, Y. (2020b). Dry matter and nitrogen accumulation, partitioning, and translocation in synthetic-derived wheat cultivars under nitrogen deficiency at the post-jointing stage. Field Crops Res. 248:107720. doi: 10.1016/j.fcr.2020.107720

 Liu, N., Ding, Y., Fromm, M., and Avramova, Z. (2014). Different gene-specific mechanisms determine the 'revised-response' memory transcription patterns of a subset of A. thaliana dehydration stress responding genes. Nucleic Acids Res. 42, 5556–5566. doi: 10.1093/nar/gku220

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCt method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Lv, X., Zhang, Y., Hu, L., Zhang, Y., Zhang, B., Xia, H., et al. (2020). Low-nitrogen stress stimulates lateral root initiation and nitrogen assimilation in wheat: roles of phytohormone signaling. J. Plant Growth Regul. 40, 436–450. doi: 10.1007/s00344-020-10112-5

 Ma, J., Li, R., Wang, H., Li, D., Wang, X., Zhang, Y., et al. (2017). Transcriptomics analyses reveal wheat responses to drought stress during reproductive stages under field conditions. Front. Plant Sci. 8:592. doi: 10.3389/fpls.2017.00592

 Mahmoud, D., Pandey, R., Sathee, L., Dalal, M., Singh, M. P., and Chinnusamy, V. (2020). Regulation of expression of genes associated with nitrate response by osmotic stress and combined osmotic and nitrogen deficiency stress in bread wheat (Triticum aestivum L.). Plant Physiol. Rep. 25, 200–215. doi: 10.1007/s40502-020-00503-x

 Mares, D. J., and Stone, B. A. (1973). Studies on wheat endosperm I. Chemical composition and ultrastructure of the cell walls. Aust. J. Biol. Sci. 26, 793–812. doi: 10.1071/BI9730793

 Marri, L., Pesaresi, A., Valerio, C., Lamba, D., Pupillo, P., Trost, P., et al. (2010). In vitro characterization of Arabidopsis CP12 isoforms reveals common biochemical and molecular properties. J. Plant Physiol. 167, 939–950. doi: 10.1016/j.jplph.2010.02.008

 Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J., Chardon, F., Gaufichon, L., and Suzuki, A. (2010). Nitrogen uptake, assimilation and remobilization in plants: challenges for sustainable and productive agriculture. Ann. Bot. 105, 1141–1157. doi: 10.1093/aob/mcq028

 Mazzucotelli, E., Tartari, A., Cattivelli, L., and Forlani, G. (2006). Metabolism of γ-aminobutyric acid during cold acclimation and freezing and its relationship to frost tolerance in barley and wheat. J. Exp. Bot. 57, 3755–3766. doi: 10.1093/jxb/erl141

 Mizutani, M., and Ohta, D. (2010). Diversification of P450 genes during land plant evolution. Annu. Rev. Plant Biol. 61, 291–315. doi: 10.1146/annurev-arplant-042809-112305

 Molle, V., and Kremer, L. (2010). Division and cell envelope regulation by Ser/Thr phosphorylation: Mycobacterium shows the way. Mol. Microbiol. 75, 1064–1077. doi: 10.1111/j.1365-2958.2009.07041.x

 Pandey, J. K., Dash, S. K., and Biswal, B. (2017). Nitrogen-deficiency-induced loss in photosynthesis and modulation of β-galactosidase activity during senescence of Arabidopsis leaves. Acta Physiol. Planta. 39:75. doi: 10.1007/s11738-017-2371-3

 Patel, R. K., and Jain, M. (2012). NGS QC toolkit: a toolkit for quality control of next generation sequencing data. PLoS ONE. 7:e30619. doi: 10.1371/journal.pone.0030619

 Quan, X., Zeng, J., Ye, L., Chen, G., Han, Z., Shah, J. M., et al. (2016). Transcriptome profiling analysis for two Tibetan wild barley genotypes in responses to low nitrogen. BMC Plant Biol. 16:30. doi: 10.1186/s12870-016-0721-8

 Rangan, P., Furtado, A., and Henry, R. (2020). Transcriptome profiling of wheat genotypes under heat stress during grain-filling. J. Cereal Sci. 91:102895. doi: 10.1016/j.jcs.2019.102895

 Raun, R. W., and Johnson, G. V. (1999). Improving nitrogen use efficiency for cereal production. Agron. J. 91, 357–363. doi: 10.2134/agronj1999.00021962009100030001x

 Roberts, A., Trapnell, C., Donaghey, J., Rinn, J. L., and Pachter, L. (2011). Improving RNA-Seq expression estimates by correcting for fragment bias. Genome Biol. 12:R22. doi: 10.1186/gb-2011-12-3-r22

 Rouached, H., Wirtz, M., Alary, R., Hell, R., Arpat, A. B., Davidian, J.-C., et al. (2008). Differential regulation of the expression of two high-affinity sulfate transporters, SULTR1.1 and SULTR1.2, in Arabidopsis. Plant Physiol. 147, 897–911. doi: 10.1104/pp.108.118612

 Ruban, A. V. (2014). Evolution under the sun: optimizing light harvesting in photosynthesis. J. Exp. Bot. 66, 7–23. doi: 10.1093/jxb/eru400

 Rudrabhatla, P., and Rajasekharan, R. (2002). Developmentally regulated dual-specificity kinase from peanut that is induced by abiotic stresses. Plant Physiol. 130, 380–390. doi: 10.1104/pp.005173

 Ruffel, S., Krouk, G., Ristova, D., Shasha, D., Birnbaum, K. D., and Coruzzi, G. M. (2011). Nitrogen economics of root foraging: transitive closure of the nitrate-cytokinin relay and distinct systemic signaling for N supply vs. demand. Proc. Natl. Acad. Sci. U.S.A. 108, 18524–18529. doi: 10.1073/pnas.1108684108

 Sakamoto, T., Morinaka, Y., Ohnishi, T., Sunohara, H., Fujioka, S., Ueguchi-Tanaka, M., et al. (2006). Erect leaves caused by brassinosteroid deficiency increase biomass production and grain yield in rice. Nat. Biotechnol. 24, 105–109. doi: 10.1038/nbt1173

 Salvagiotti, F., and Miralles, D. J. (2008). Radiation interception, biomass production and grain yield as affected by the interaction of nitrogen and sulfur fertilization in wheat. Eur. J. Agron. 28, 282–290. doi: 10.1016/j.eja.2007.08.002

 Sarkar, D., and Bhowmik, P. C. (2009). Cold acclimation responses of three cool-season. J. Am. Soc. Horticult. Sci. 134, 210–220. doi: 10.21273/JASHS.134.2.210

 Shewry, P. R. (2009). Wheat. J. Exp. Bot. 60, 1537–1553. doi: 10.1093/jxb/erp058

 Shewry, P. R., Hawkesford, M. J., Piironen, V., Lampi, A. M., Kurt, G., Danuta, B., et al. (2013). Natural variation in grain composition of wheat and related cereals. J. Agric. Food Chem. 61, 8295–8303. doi: 10.1021/jf3054092

 Shin, R., Berg, R. H., and Schachtman, D. P. (2005). Reactive oxygen species and root hairs in Arabidopsis root response to nitrogen, phosphorus and potassium deficiency. Plant Cell Physiol. 46, 1350–1357. doi: 10.1093/pcp/pci145

 Standfuss, J., Terwisscha van Scheltinga, A. C., Lamborghini, M., and Kühlbrandt, W. (2005). Mechanisms of photoprotection and nonphotochemical quenching in pea light-harvesting complex at 2.5 Å resolution. EMBO J. 24, 919–928. doi: 10.1038/sj.emboj.7600585

 Sultana, N., Islam, S., Juhasz, A., Yang, R., She, M., Alhabbar, Z., et al. (2020). Transcriptomic study for identification of major nitrogen stress responsive genes in australian bread wheat cultivars. Front. Genet. 11:583785. doi: 10.3389/fgene.2020.583785

 Tang, Q., and Zhang, C. (2013). Data Processing System (DPS) software with experimental design, statistical analysis and data mining developed for use in entomological research. Insect Sci. 20, 254–260. doi: 10.1111/j.1744-7917.2012.01519.x

 Tang, W., Ji, Q., Huang, Y., Jiang, Z., Bao, M., Wang, H., et al. (2013). FHY3 and FAR1 transcription factors integrate light and abscisic acid signaling in Arabidopsis. Plant Physiol. 163, 857–866. doi: 10.1104/pp.113.224386

 Tran, L.-S. P., Urao, T., Qin, F., Maruyama, K., Kakimoto, T., Shinozaki, K., et al. (2007). Functional analysis of AHK1/ATHK1 and cytokinin receptor histidine kinases in response to abscisic acid, drought, and salt stress in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 104, 20623–20628. doi: 10.1073/pnas.0706547105

 Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

 Vergara-Diaz, O., Vatter, T., Vicente, R., Obata, T., Nieto-Taladriz, M. T., Aparicio, N., et al. (2020). Metabolome profiling supports the key role of the spike in wheat yield performance. Cells. 9:1025. doi: 10.3390/cells9041025

 Virlouvet, L., and Fromm, M. (2015). Physiological and transcriptional memory in guard cells during repetitive dehydration stress. New Phytol. 205, 596–607. doi: 10.1111/nph.13080

 Wang, H., Zhu, Y., Fujioka, S., Asami, T., Li, J., and Li, J. (2009). Regulation of Arabidopsis brassinosteroid signaling by atypical basic helix-loop-helix proteins. Plant Cell 21, 3781–3791. doi: 10.1105/tpc.109.072504

 Wang, J., Song, K., Sun, L., Qin, Q., Sun, Y., Pan, J., et al. (2019). Morphological and transcriptome analysis of wheat seedlings response to low nitrogen stress. Plants. 8:98. doi: 10.3390/plants8040098

 Wang, Y., Lysoe, E., Armarego-Marriott, T., Erban, A., Paruch, L., van Eerde, A., et al. (2018). Transcriptome and metabolome analyses provide insights into root and root-released organic anion responses to phosphorus deficiency in oat. J. Exp. Bot. 69, 3759–3771. doi: 10.1093/jxb/ery176

 Wei, S., Wang, X., Shi, D., Li, Y., Zhang, J., Liu, P., et al. (2016). The mechanisms of low nitrogen induced weakened photosynthesis in summer maize (Zea mays L.) under field conditions. Plant Physiol. Biochem. 105, 118–128. doi: 10.1016/j.plaphy.2016.04.007

 Werner, T., Motyka, V., Laucou, V., Smets, R., Van Onckelen, H., and Schmülling, T. (2003). Cytokinin-deficient transgenic Arabidopsis Plants show multiple developmental alterations indicating opposite functions of cytokinins in the regulation of shoot and root meristem activity. Plant Cell 15, 2532–2550. doi: 10.1105/tpc.014928

 Witt, S., Galicia, L., Lisec, J., Cairns, J., Tiessen, A., Araus, J. L., et al. (2012). Metabolic and phenotypic responses of greenhouse-grown maize hybrids to experimentally controlled drought stress. Mol. Plant 5, 401–417. doi: 10.1093/mp/ssr102

 Xin, L., Chengmiao, Y., Li, X., Weitao, J., Shaozhuo, X., and Zhiquan, M. (2020). Transcription strategies related to photosynthesis and nitrogen metabolism of wheat in response to nitrogen deficiency. BMC Plant Biol. 20:448.doi: 10.1186/s12870-020-02662-3

 Xin, W., Zhang, L., Zhang, W., Gao, J., Yi, J., Zhen, X., et al. (2019). An integrated analysis of the rice transcriptome and metabolome reveals differential regulation of carbon and nitrogen metabolism in response to nitrogen availability. Int. J. Mol. Sci. doi: 10.3390/ijms20092349

 Xue, C., Auf'm Erley, G. S., Rossmann, A., Schuster, R., Koehler, P., and Muhling, K. H. (2016). Split nitrogen application improves wheat baking quality by influencing protein composition rather than concentration. Front. Plant Sci. 7:738. doi: 10.3389/fpls.2016.00738

 Xue, Y.-F., Zhang, W., Liu, D.-Y., Yue, S.-C., Cui, Z.-L., Chen, X.-P., et al. (2014). Effects of nitrogen management on root morphology and zinc translocation from root to shoot of winter wheat in the field. Field Crops Res. 161, 38–45. doi: 10.1016/j.fcr.2014.01.009

 Yamakawa, H., and Hakata, M. (2010). Atlas of rice grain filling-related metabolism under high temperature: joint analysis of metabolome and transcriptome demonstrated inhibition of starch accumulation and induction of amino acid accumulation. Plant Cell Physiol. 51, 795–809. doi: 10.1093/pcp/pcq034

 Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11, 2–12. doi: 10.1186/gb-2010-11-2-r14

 Zhang, M. W., Ma, D. Y., Wang, C. Y., Zhao, H., Zhu, Y. J., and Guo, T. C. (2016). Responses of amino acid composition to nitrogen application in high- and low-protein wheat cultivars at two planting environments. Crop Sci. 56, 1277–1287. doi: 10.2135/cropsci2015.08.0504

 Zhao, Y., Zhou, M., Xu, K., Li, J., Li, S., Zhang, S., et al. (2019). Integrated transcriptomics and metabolomics analyses provide insights into cold stress response in wheat. Crop J. 7, 857–866. doi: 10.1016/j.cj.2019.09.002

 Zhen, S., Zhou, J., Deng, X., Zhu, G., Cao, H., Wang, Z., et al. (2016). Metabolite profiling of the response to high-nitrogen fertilizer during grain development of bread wheat (Triticum aestivum L.). J. Cereal Sci. 69, 85–94. doi: 10.1016/j.jcs.2016.02.014

 Zhu, D., Bai, X., Chen, C., Chen, Q., Cai, H., Li, Y., et al. (2011). GsTIFY10, a novel positive regulator of plant tolerance to bicarbonate stress and a repressor of jasmonate signaling. Plant Mol. Biol. 77, 285–297. doi: 10.1007/s11103-011-9810-0

 Zörb, C., Ludewig, U., and Hawkesford, M. J. (2018). Perspective on wheat yield and quality with reduced nitrogen supply. Trends Plant Sci. 23, 1029–1037. doi: 10.1016/j.tplants.2018.08.012

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Wang, Wang, Tao, Yang, Gao, Zhao and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/inline_2.gif
NO;





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Impacts of Nitrogen Deficiency on Wheat (Triticum aestivum L.) Grain During the Medium Filling Stage: Transcriptomic and Metabolomic Comparisons



		Introduction



		Materials and Methods



		Wheat Materials and Field Experiment Design



		Photosynthetic Evaluation, Grain Yield, and Quality Testing



		RNA Extraction, Library, and Sequencing



		Quality Control and Differentially Expressed Genes Analysis



		Quantitative Real-Time PCR Analysis



		Grain Metabolites Extraction, GC-MS Profiling



		Identification of Differentially Accumulated Metabolites



		Principal Component Analysis and Statistical Analysis







		Results



		Comparison of Photosynthesis, Grain Yield, and Grain Quality Under N-Deficient and N-Sufficient Conditions



		Transcriptome Analysis of Wheat Grain Grown Under N Deficiency Conditions



		RNA-seq Validation by RT-qPCR



		Down-Regulated DEGs Associated With Photosynthesis by N Deficiency



		Amino Acid and Sugars Metabolism-Related DEGs by RNA-seq



		Up-Regulated DEGs Under N-Deficiency Conditions



		Metabolomics Analysis







		Discussion



		Photosynthesis Was Inhibited Under N-Deficiency



		Adaptive Mechanism of Amino Acids and Sugars Metabolism Under N-Deficiency Conditions



		Resistance Mechanisms of Wheat Grain to N-Deficiency Stress







		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/inline_1.gif
NO;





OPS/images/fpls-12-674433-t003.jpg
Group

Sugars

Organic acids

Amino acids

Fatty acids

Amine

Lipidol

Nucleic acid

Others.

Metabolites

3,6-Anhydro-D-galactose
Tagatose

Myo-inositol

Ribose

Galactinol

Gluconic acid
N-Acetyl-beta-D-mannosarmine
Mannitol

1,5-Anhydroglucitol

D-Talose

Lyxose

Sophorose

Trehalose

Turanose

D-Galacturonate
Isopropyl-beta-D-thiogalactopyranoside
Leucrose

Toluenesulfonic acid

Benzoic acid

Pipecainic acid

Citric acid

Tartronic acid

2-Furoic acid

Glucosaminic acid

Oxalic acid
5-Methoxyindole-3-acetic acid
5-Hydroxyindole-2-carboxylic acid
GABA

Gly-pro

4-Hydroxybutyrate

Maleic acid

Norvaline
Ornithine

L-Cysteine

Aspartic acid
Cysteinylglycine

Carnitine
N-Alpha-acetyl-L-ornithine
N-Methyl-DL-alanine
Tyrosine

Beta-alanine
Beta-glutamate
5-Hydroxytryptophan
Trans, trans-muconic acid
Itaconic acid
3-Hydroxybutyric acid
5-Aminovaleric acid lactam
Methyl octanoate
5-Aminovaleric acid
Citraconic acid degr1
Arachidonic acid
DL-Anabasine

Maleimide

Melatonin
2-Aminoethanethiol
Putrescine
5-Methoxytryptamine
Oxamide

Nicotianamine

Shikimic acid

Glycerol

Famesol

Cumic acid

Benzyl alcohol
2'-Deoxyoytidine 5'-triphosphate degr
prod

5,6-Dihydrouracil

Thymine

4-Vinylphenol dimer
2'-Hydroxyacetophenone
p-Benzoquinone
Dibenzofuran
1-Methylhydantoin
Phosphate

D-Fructose 1,6-bisphosphate
1,3-Cyclohexanedione
5,6-Dimethylbenzimidazole
Hexadecane

vIP

1.42
1.55
1.62
1.65
1.64
1.88
1.65
1.58
1.33
1.65
1.65
151
1.38
149
1.39
157
1.09
1.63
1.83
1.48
1.63
1.22
1.95
143
1.45
1.64
1.61
156
1.65
1.46
1.65
1.01
1.26
151
1.67
131
1.65
147
1.48
1.48
151
1.41
1.83
1.10
1.69
1.37
1.42
1.62
1.41
1.28
192
1.69
141
1.21
1.60
1.38
134
1.60
1.70
1.56
154
1.38
143
1.64
1.71

1.49
1.83
154
1.42
1.54
1.45
1.35
1.24
1.83
1.43
1.58
1.63

FC NO/Nck

064
120
1.30
131
1.32
1.33
1.36
138
1.39
1.50
1.55
161
1.76
190
246
158
201
036
0.47
050
060
066
068
069
077
052
074
1.21
1.22
1.33
4.81
042
058
063
066
080
081
082
082
083
121
1.40
370
048
060
074
077
079
083
6.15

83,936.97
014
058
0.67
075
08
084
061
221
076
080
082
082
311
058

0.73
0.60
0.80
081
0.81
0.82
0.82
0.51
0.49
396
4.50
2,113,971.43

Regulation

Down
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down
Up
Up
Up
Up
Down
Down
Down
Down
Down
Down
Down
Down
Down
Up
Up
Up
Down
Down
Down
Down
Down
Down
Up
Up
Down
Down
Down
Down
Down
Down
Down
Up
Down
Down
Down
Down
Up
Down

Down
Down
Down
Down
Down
Down
Down
Down
Down
Up

Up

Up





OPS/images/fpls-12-674433-t002.jpg
6,677.26 + 67.05*
8,278.60 + 120.75

Grain yield
No. grains/ No. spikes
spike 10%/hm?
311 38,69+ 1.21"
41.67 £1.53 4017 +£1.32
Plant growth
Flag leaf Flag leaf
length (cm) width (cm)

1427 £1.16"  1.13+0.06"
19.83 +1.26 1.42 £0.03

“P < 0.05 significant difference, **P < 0.01 extremely significant difference.

Grain character

Grain length Grain
(mm) width (mm)

6.11+£0.03* 3.15 £ 0.06"
5.92 + 005 3.00£0.03

Albumin Globulin
(%) (%)

269 +0.35 1.48 £ 0.04*
2.80 £0.15 1.67 £0.08

Leaf photosynthesis

Pn SPAD

(kmol-m2.s°1)

13.75£054" 3423+ 1.99"
16.21 £ 1.11 50.3%05
Gliadin Glutenin
(%) (%)
259+£019" 4170142
3.15+002 486£025









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





OPS/images/fpls-12-674433-g005.gif
N
ow:m:mw
it






OPS/images/fpls-12-674433-g006.gif





OPS/images/fpls-12-674433-g003.gif
Possiopmtd biological_process
T avo B

ook
oy
oo
bt e oD et
e e e
it g
o)
oo oty
P o
o e

e e
Passengvbiers
fes

celllar_compon

Pyl g i
fo—

Db s molecular_function
i
i, el
ST
e
Wiy
postetonid






OPS/images/fpls-12-674433-g004.gif
A S T 8





OPS/images/fpls-12-674433-t001.jpg
Summary

Total raw reads (nt, milion)
Total clean reads (nt, milion)
Total clean bases (Gb)

Total mapped reads (nt, milion)
Uniquely mapped (nt, milion)
Q30 (%)

GG content (%)

nt, nucleotides.

No-1

53.43
51.90
7.47
48.36
44.26
9352
51.78

No-2

52.47
51.04
7.31
47.39
43.37
93.93
51.89

No-3

54.05
52.45
7.50
48.87
44.81
93.51
51.58

Nck-1

53.90
52.44
7.50
48.35
43.59
93.86
51.25

Nck-2

53.16
51.61

7.38
48.11
44.02
93.76
51.83

Nck-3

52.40
51.04
7.30
47.45
43.29
94.04
51.60





OPS/images/fpls-12-674433-g007.gif





OPS/images/fpls-12-674433-g008.gif





OPS/images/cover.jpg
’ frontiers
in Plant Science

Impacts of Nitrogen Deficiency on
Wheat (Triticum aestivum L.) Grain
During the Medium Filling Stage:
Transcriptomic and Metabolomic
Comparisons





OPS/images/fpls-12-674433-g001.gif
-
LU





OPS/images/fpls-12-674433-g002.gif
Tottswgar su BN €
- i
-

T cion vt [ere———

P

£

§

o





