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Rice is an important target to improve crop nitrogen (N) use efficiency (NUE), and the identification and shortlisting of the candidate genes are still in progress. We analyzed data from 16 published N-responsive transcriptomes/microarrays to identify, eight datasets that contained the maximum number of 3020 common genes, referred to as N-responsive genes. These include different classes of transcription factors, transporters, miRNA targets, kinases and events of post-translational modifications. A Weighted gene co-expression network analysis (WGCNA) with all the 3020 N-responsive genes revealed 15 co-expression modules and their annotated biological roles. Protein-protein interaction network analysis of the main module revealed the hub genes and their functional annotation revealed their involvement in the ubiquitin process. Further, the occurrences of G-quadruplex sequences were examined, which are known to play important roles in epigenetic regulation but are hitherto unknown in N-response/NUE. Out of the 3020 N-responsive genes studied, 2298 contained G-quadruplex sequences. We compared these N-responsive genes containing G-quadruplex sequences with the 3601 genes we previously identified as NUE-related (for being both N-responsive and yield-associated). This analysis revealed 389 (17%) NUE-related genes containing G-quadruplex sequences. These genes may be involved in the epigenetic regulation of NUE, while the rest of the 83% (1811) genes may regulate NUE through genetic mechanisms and/or other epigenetic means besides G-quadruplexes. A few potentially important genes/processes identified as associated with NUE were experimentally validated in a pair of rice genotypes contrasting for NUE. The results from the WGCNA and G4 sequence analysis of N-responsive genes helped identify and shortlist six genes as candidates to improve NUE. Further, the hitherto unavailable segregation of genetic and epigenetic gene targets could aid in informed interventions through genetic and epigenetic means of crop improvement.
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Introduction

Nitrogen (N) is quantitatively the most important input for crop production after water. However, excessive or imbalanced use of N fertilizers exacerbated by inadequate biological N-fixation or legume-based crop rotation led to poor N use efficiency (NUE). The predominant contribution of N-fertilizers to pollution, biodiversity loss, and climate change made them a global economic and environmental concern (Sutton et al., 2019; Kanter et al., 2020; Raghuram et al., 2021; Sutton et al., 2021; Winiwarter et al., 2022). While agronomic practices and controlled-release fertilizers have been important, crop improvement for NUE is increasingly being advocated at both global (Udvardi et al., 2021) and national levels (Móring et al., 2021). The biological avenues for crop improvement have been extensively reviewed (Long et al., 2015; Mandal et al., 2018; Sinha et al., 2020; Madan et al., 2022; Raghuram et al., 2022).

Rice is the third most produced and consumed crop in the world which feeds half the global population (Norton et al., 2015). It has the lowest NUE among cereals and therefore, accounts for the highest consumption of N-fertilizer among them. Further, its rich germplasm diversity, genomic and functional genomic resources (Kawahara et al., 2013; Li et al., 2014; Chen et al., 2016; Li et al., 2018; Huang et al., 2019) make it an ideal crop to improve NUE (Sharma et al., 2021). Thousands of N-responsive genes have been reported using transcriptome studies in rice (Kumari et al., 2021 and references cited therein), including subspecies indica (Pathak et al., 2020) and japonica (Mandal et al., 2022). The delineation of the phenotype for N-response and NUE (Sharma et al., 2018; Sharma et al., 2021) enabled its integration with the fast-growing transcriptomic data (Sharma et al., 2021). The development of nutrient-depleted soil (Sharma et al., 2019) enabled N-form-specific studies on nitrate or urea to understand the implications of different N-fertilizers used in developed and developing countries for NUE improvement in rice.

But distinguishing between genes for N-response/NUE and shortlisting the fewest possible target genes for NUE is a work in progress (Kumari et al., 2021; Sharma et al., 2022) that could benefit from newer means for systematic shortlisting. In the meantime, there have been several attempts to validate the candidate genes with varying success (Madan et al., 2022, Raghuram et al., 2022), indicating further scope for identification and shortlisting of more candidates. Important recent progress in this regard has been in the comparative transcriptomics of contrasting NUE genotypes in rice, which projected some potentially important genes (Neeraja et al., 2021; Sharma et al., 2022; Sharma et al., 2023).

Being a quantitative trait, NUE requires the coordinated action of a large number of N-responsive genes contributing to yield. Co-expression network analysis could be an important method to identify coexpressed gene modules but was never employed to understand their roles in NUE or to identify/shortlist candidate gene targets on that basis. Weighted gene co-expression network analysis (WGCNA) is the most popular systems biology tool to identify the modules associated with specific biological processes (Ruprecht et al., 2017; Zhang et al., 2019; Sun et al., 2020). WGCNA has been used to identify key salt-responsive genes in rice (Zhu et al., 2019) and Arabidopsis (Amrine et al., 2015), the potential regulatory mechanism of carotenoid accumulation in chrysanthemum (Lu et al., 2019), receptor-like protein genes involved in broad-spectrum resistance in pepper (Kang et al., 2022) and in the co-expression analysis of rice and maize genes (Chang et al., 2019; Zheng et al., 2019).

There is also growing recognition of epigenetic transcriptional reprogramming in response to nutrients (Séré and Martin, 2020) and epigenetic regulation of N-response through miRNAs (Nischal et al., 2012; Islam et al., 2022) and chromatin remodeling (Li et al., 2021 and references cited therein). An emerging mode of epigenetic regulation that was never explored for NUE involves a special type of non-canonical structure known as a G4 sequence or G-quadruplex. It is produced by Hoogsteen hydrogen bonding in DNA and RNA sequences that contain four short segments of guanine (Burge et al., 2006, Sengupta et al., 2021). While being spread out across the entire genome, these G4 sequences are often abundant in promoter regions, gene UTRs, and telomeres (Griffin and Bass, 2018) It is well recognized that they contribute significantly to chromatin remodelling, gene control, epigenetic regulation, genomic instability and genetic disorders (Shao et al., 2020; Varshney et al., 2020). Despite such significance, the occurrence and roles of G4 DNA and G4 RNA in plant species have not been well studied, barring a few reports on stress (Kopec and Karlowski, 2019). Genome-wide studies of G-quadruplexes have the potential to accelerate progress toward a thorough understanding of their biological implications and practical applications in plants (Cagirici and Sen, 2020; Li et al., 2022). It is therefore of significant interest to investigate the potential of G4 sequences as a fresh method of crop development for NUE.

In the present study, we compiled the largest number of shared N-responsive genes from 8 out of 16 N-responsive transcriptomic datasets in rice and analyzed them by WGCNA. We identified fifteen functional modules of co-expressed genes and the most relevant module for N-response/NUE and the associated biological processes. We validated some genes/processes linked to NUE phenotype and identified novel candidate genes for improving N-response/NUE in rice. We also identified and catalogued sequences of G4 quadruplexes among NUE-related genes and validated their differential expression in contrasting genotypes. A hypothesis/model integrating genetic and epigenetic regulation of NUE has been proposed.





Materials and methods




Compilation and annotation of N-responsive genes

To identify N-responsive genes in rice, 16 rice N-responsive microarray datasets available at NCBI GEO were examined. A list of over 18,000 N-responsive genes was compiled from these N-responsive datasets using uniform criteria of Log2FC ≥1, p-value <0.05 with default redundancy removal, as described in Kumari et al. (2021). As very few genes were common to all the N-responsive microarray datasets compiled for this study, individual datasets that were mainly responsible for minimal common genes were eliminated progressively. This led to the shortlisting of eight N-responsive datasets (Supplementary Table S1) that had the maximum number of 3020 common N-responsive genes (Supplementary Table S2). Gene ontology (GO) enrichment analyses for functional annotation of N-responsive genes were performed Expath 2.0 tool (Chien et al., 2015) using default parameters. The biological processes were obtained using AgriGO v2. (http://systemsbiology.cau.edu.cn/agriGOv2/index.php) and visualized using Heatmapper (http://www.heatmapper.ca).





Weighted gene co-expression network construction and module identification

In order to independently identify co-expressed N-responsive genes, we performed Weighted Gene Co-expression Network Analysis (WGCNA), using 3020 common genes (Supplementary Table S2) from eight N-responsive transcriptomic datasets (Supplementary Table S1). We used version 1.69 of the WGCNA software at Bioconductor (http://bioconductor.org/biocLite.R) on the RStudio platform (1.2.5042). The soft threshold method for Pearson correlation analysis of the expression profiles was used to determine the connection strengths and construct a weighted co-expression network among the genes. Average linkage hierarchical clustering was carried out to group the genes based on topological overlap dissimilarity in network connection strengths. To obtain the correct module number and clarify gene interactions, we restricted the minimum gene number to 20 for each module and used a threshold of 0.25. To identify the significant modules related to rice traits, three available experimental criteria in microarray datasets were used as traits including the age of the plant used for tissue sampling, type of tissue (root/shoot/whole plant), and N-treatment. Two approaches were used to identify the significant modules. The first approach used the relationship between the traits and Module eigengenes (MEs), which are the major components for principal component analysis of genes in a module with the same expression profile. The second approach used the relationship between module membership versus gene significance.





Functional annotation of significant modules

All the genes from each of the modules were analyzed separately using Expath 2.0 (Chien et al., 2015) for their functional annotation by gene ontology (GO) to identify biological, cellular, and molecular processes. In order to study the protein-protein interactions, all the genes from the turquoise module (WGCNA) were used for separate searches for their interacting protein partners on the STRING database version 11 (https://string-db.org/cgi/input.pl?sessionId=Xv9nzTk5s6NX&input_page_show_search=on).





Data mining for transporters, transcription factors, kinases, and miRNA targets

N-responsive genes encoding transporters were retrieved from the Rice transporters database (https://ricephylogenomics.ucdavis.edu/transporter/), RAP-DB (https://rapdb.dna.affrc.go.jp/), and Transport DB2.0 (http://www.membranetransport.org/transportDB2/index.html). Similarly, N-responsive genes encoding transcription factors (TFs) were retrieved from the databases PlantPAN2 (http://plantpan2.itps.ncku.edu.tw/TF_list_search.php#results), RAP-DB, STIFDB (http://caps.ncbs.res.in/stifdb/), PlantTFDB (http://planttfdb.cbi.pku.edu.cn/index.php?sp=Osj) and Rice Frend (http://ricefrend.dna.affrc.go.jp/multi-guide-gene.html). Kinases were searched by using iTAKdatabase (http://itak.feilab.net/cgi-bin/itak/index.cgi). Plant microRNA database (PMRD- http://bioinformatics.cau.edu.cn/PMRD/) was used for searching the miRNAs that target N-responsive genes.





Physiological measurements

In order to measure the N-responsive changes in terms of physiological parameters of rice plants, a contrasting pair of rice genotypes namely Nidhi and Panvel1were used for their known low and high NUE respectively (Sharma et al., 2018; Sharma et al., 2021). They were grown in trays filled with nutrient-depleted soil (Sharma et al., 2019) for 21 days. They were fertigated with media (Hoagland and Arnon, 1950) containing urea as the sole source of N at a normal dose of 15mM as control, or a low dose of 1.5mM as a test. These 21 days-old plants were used to measure photosynthesis and transpiration rate using LI-6400XT Portable Photosynthesis System (LI-COR Biosciences, Lincoln, NE, USA). Net photosynthetic rate was measured in terms of CO2 assimilated as µ mol CO2/m2s1; transpiration was measured in terms of mol (H2O)/m2s1. Student’s t-test was performed on the test vs. control data. The reference CO2 concentration was 410 ± 20 μmol mol−1 during the measurements. All LI-COR measurements were carried out at the time of maximal photosynthetic activity between 12:00 noon and 5:00 pm IST. All the measurements were done in at least four replicates.





G-quadruplex sequences and post-translational modifications

All the gene IDs carrying G4 sequences in exon, promoter, gene, CDS, and UTRs regions were downloaded from the PlantG4DB database (http://ccbb.jnu.ac.in/PlantG4DB/). After combining them and removing redundant gene IDs, they were searched for the N-responsive genes having G4 sequences. To find out the genes associated with post-translational modifications (PTM), all genes associated with PTMs were retrieved from Plant PTM Viewer (https://www.psb.ugent.be/webtools/ptm-viewer/experiment.php), which contains PTM data collected from published reports (Møller and Kristensen, 2006; Nakagami et al., 2010; Xie et al., 2015; He et al., 2016; Qiu et al., 2016; Xiong et al., 2016; Zhang et al., 2016; Hou et al., 2017; Meng et al., 2017; Qiu et al., 2017; Wang et al., 2017; Ying et al., 2017; Mujahid et al., 2018).





RNA isolation and RT-qPCR analysis

Leaves were harvested from twenty-one days old plants of rice genotypes Nidhi and Panvel1 (contrasting-NUE genotypes) grown in pots with media containing normal or low nitrate levels (15 mM and 1.5 mM potassium and calcium nitrate) and immediately frozen in liquid nitrogen as 100 mg aliquots. Total RNAs were isolated using RNAiso Plus solution and 5 µg each were reverse transcribed using PrimeScript™1st strand cDNA synthesis kit as per the instructions of the supplier (Takara, Japan). Exon spanning primers were designed using the Quant Prime tool (https://quantprime.mpimp577golm.mpg.de/?page=about). RT-qPCR was performed using SYBR Green qPCR MasterMix (GBiosciences, USA) and Aria Mx Real-time PCR System (Agilent technologies, Singapore). The relative abundance of transcripts was calculated by the 2–△△CT method (Livak and Schmittgen, 2001) using actin  gene (LOC_Os01g64630) as an internal control. The data were statistically analyzed using GraphPad Prism 6 software. These experiments were performed using two biological and three technical replicates.






Results

Co-expression analysis of N-responsive genes requires a large enough dataset as well as a large enough number of such datasets. Fortunately, most of the publicly available N-responsive transcriptome datasets (including our own) are available as microarrays, many of which captured thousands of differentially expressed genes. In total, 16 N-responsive microarrays data available at NCBI GEO were used. Venn selections between them revealed that the largest number of 3020 N-responsive DEGs were shared by only 8 transcriptome datasets (Supplementary Figure 1). They were used for the rest of the study and their results are described below.




N-responsive genes associated with NUE-phenotypic traits

In order to find the trait-gene association, we mined for all the traits associated with the 3020 N-responsive genes in the Oryzabase rice database (Kurata and Yamazaki, 2006) yielded 806 genes related to various traits. Among them, 259 genes fell into three phenotypic categories we identified earlier based on lifelong evaluation of 25 traits using six rice genotypes under different N conditions (Sharma et al., 2021). They include133 genes linked to nine vegetative traits (V1-V9), 110 genes linked to 12 reproductive traits (R1-R12), and 16 genes linked to germination (G) rate and ratio (Figure 1; Supplementary Table S3). Six genes across these three categories were associated with all the eight phenotypic traits that we identified earlier for NUE (Sharma et al., 2021). These traits were, germination, flowering, shoot length, fresh and dry biomass, root length, chlorophyll content and total plant height. The six genes associated with all these 8 NUE traits were, Os06g0603000 (Photoperiod-sensitivity-5), Os07g0497100 (Chromatin Remodeling 4), Os08g0162100 (ABERRANT SPIKELET AND PANICLE1), Os04g0498600 (S-adenosylmethionine decarboxylase), Os08g0127100 (Lysine/Histidine transporter 1), and Os03g0669200 (heterotrimeric G protein beta 1 subunit, RGB1). They could be tested on priority for nitrogen use efficiency.




Figure 1 | NUE traits checked during various growth phases. The mining of N-responsive genes into the rice database identified genes broadly linked to vegetative traits including germination (G, V1-V9) and reproductive stages (R1-R12) linked to NUE-phenotypic traits. The number of genes associated with each corresponding trait is denoted in the bracket.







Biological pathways and sub-cellular locations of genes involved in N-response/NUE

Gene Ontology (GO) analysis of all 3020 N-responsive genes using EXPath 2.0 for biological processes based on P values and FDR showed the involvement of translation, salt stress, water deprivation, amino acid biosynthetic process, cold stress, tricarboxylic acid cycle, peptidyl-serine phosphorylation, photosynthesis, mRNA splicing and respiration, among others. The details of GO-enrichment analyses are provided in Supplementary Table S4. The top 20 statistically significant biological processes (P < 0.05) were visualized using Heatmapper (Figure 2). Similar processes were also obtained when GO analysis was carried out using AgriGO v2. They include translation, carbohydrate metabolism, hormone, and photosynthesis (Supplementary Table S5). Many DEGs were also mapped to calcium metabolism, amino acid metabolism, ubiquitination, and tricarboxylic acid cycle among others, suggesting crosstalk between these pathways.




Figure 2 | Gene Ontology analysis of N-responsive genes. GO analysis of the N-responsive genes performed using Expath for biological processes based on P values and FDR. The top 20 statistically significant biological processes (P < 0.05) were visualized using Heatmapper.







Co-expression network analysis reveals coregulated modules of N-responsive genes

Out of the 16 N-responsive microarray datasets considered, only eight of them had the maximum number of shared N-responsive genes (3020) and only these 3020 genes were used for the WGCNA analysis. Prior to analysis, it was verified that the sample dendrogram and corresponding traits of all the 3020 N-responsive genes passed the cutoff thresholds and were suitable for network analysis (Figure 3A). As the soft threshold power value is a critical parameter that affects the independence and average connectivity degree of the co-expression modules, β = 6 was selected with scale-free R2 = 0.928 for the analysis, based on prior screening for network topology (Figure 3B). The gene co-expression network was constructed using hierarchical clustering of the calculated dissimilarities resulting in fifteen different modules (Figures 3C, D; Supplementary Table S6). We employed eigengenes as indicative patterns and evaluated the similarity of each module by correlating their respective eigengenes (Figure 3E). The turquoise module, which encompasses 29% of the genes, had the highest count of genes with a total of 875 (Figure 3F). The blue module had the next largest number with 479 genes, followed by the brown module with 334 genes, yellow with 270, green with 165, black with 133, and so on.




Figure 3 | Weighted gene co-expression analysis (WGCNA) and module’s associated processes of N-responsive genes. (A) All eight N-responsive datasets passed the cutoff thresholds, and the sample dendrogram as well as the corresponding traits were deemed suitable for network analysis. (B) Topology of the network analyzed for various soft-thresholding powers. On the x-axis, the weight parameter β is represented, while the left figure’s y-axis represents the correlation coefficient squared between log(k) and log(p(k)) in the corresponding network. On the right graph’s y-axis, the mean of all gene adjacency functions in the corresponding gene module is represented. (C) Matrix showing Module-Trait Relationships (MTRs) of 15 different modules under different conditions. The y-axis denotes the module names, while the x-axis denotes the conditions. The numbers in the table correspond to the Pearson correlation coefficients, and the color legend is used to show the correlation level. The heatmap’s right side displays the correlation’s intensity and direction, with red indicating a positive correlation and green indicating a negative correlation. (D) A hierarchical cluster tree of the common genes displaying coexpression modules is shown. The assigned modules are depicted by branches and color bands, while the major tree branches are labeled in distinct colors. Genes are represented by the tips of the branches. (E) The interaction between co-expression based on eigengenes as indicative patterns and evaluated the similarity of each module by correlating their respective eigengenes and cluster dendrogram is displayed. The axes’ colors indicate their respective modules, and the heatmap’s yellow intensity represents the degree of overlap, with darker yellow denoting greater overlap. Indicative patterns and evaluated the similarity of each module by correlating their respective eigengenes. (F) Showing the turquoise module, which includes 29% of the genes, had the largest number of genes.







Significant modules reveal the enrichment of photosynthesis and other processes

To identify the physiological processes involved in N-response/NUE, we examined the correlation between genes from the significant co-expression modules with their process annotations. The identification of the modules was based on two criteria: a module-trait relationship with an R2 value greater than 0.5 and a significant p-value for the relationship between module membership and gene significance. Two modules, namely black and turquoise, were identified based on these criteria (Figure 3C). Nevertheless, the turquoise module demonstrated a higher score than any other module according to the second criterion, suggesting its stronger correlation with the NUE traits (Figure 3F). Both modules exhibited a negative correlation with the treatment and age of the plant from which the tissue was sampled. However, a positive correlation was observed in the turquoise module with respect to the type of tissue sampled. These findings suggest that the spatial co-regulation of gene expression in different tissues/organs of the plant may be more significant in N-response/NUE than temporal co-regulation in terms of different stages of development.

Gene ontology analysis of all the modules revealed their involvement in various processes (Supplementary Tables S4, S5), as well as their significance in each module (Figure 3F). It revealed photosynthesis as the most significant process in the turquoise module, TCA cycle in the blue module, translation in the brown/yellow module, respiration in the green module and other physiological processes including proteolysis and defense in the black module (Supplementary Table S7). Other significant processes include jasmonic acid mediated signaling pathway, seed coat development, glutamate metabolic process, response to cold, D-xylose metabolic process, cellular amino acid metabolic process.





PPI network of co-expressed N-responsive genes reveals hub genes

In view of better functional annotation of the co-expressed genes from the turquoise module, this module was chosen for protein-protein interaction (PPI) network analysis. All the interacting partners of the turquoise module were retrieved from the STRING database (Szklarczyk et al., 2015, Supplementary Table S8). They were found to have a highly significant PPI enrichment score (1.0e-16). They were ranked by the experimentally validated protein–protein interaction score and their networks with 518 nodes and 3104 edges were visualized by Cytoscape version 3.91 (Figure 4A) to reveal the interaction modules involved in the associated processes (Supplementary Table S7). Gene Ontology was performed using ExPath2.0 to find out the processes aided by such protein interactions (Supplementary Table S8). It revealed photosynthesis, transport, protein-chromophore linkage, glycolytic process, sterol biosynthetic process, mRNA splicing, chromatin organization and oxidation-reduction among others that need interaction between products of co-expressed N-responsive genes (Supplementary Table S8).




Figure 4 | Protein-protein interaction (PPI) network and Hub Genes. Network based on functional annotation of the co-expressed genes from the turquoise module. The interactors were identified using STRING database and visualized by Cytoscape based highly significant PPI enrichment score (1.0e-16). (A) Interaction modules involved in the associated processes; (B) The highly connected genes called as Hub Genes among the interactors of the top 10 genes.



To select the hub genes from the network, firstly CytoHubba plugin was used with the MCC algorithm, which provided the top 10 genes with default parameters. Secondly, the MCODE plugin was used to identify the x highly connected genes among the interactors of these top 10 genes. The CYTOHUBBA and MCODE plugins only provide statistically significant genes or gene clusters by default. Therefore, these x highly connected genes qualify to be called as hub genes (Figure 4B). Their functional annotation revealed their involvement in the ubiquitin process.





Transcription factors and transporters coordinate N-response/NUE

N-response spans thousands of genes and a fraction of those that are additionally associated with yield contribute to NUE as a multi-genic trait (Kumari et al., 2021; Sharma et al., 2021). Identification of the most contributing genes has been a challenge and could be aided by shortlisting them from the functional groups emerging from co-expression analyses, such as transcription factors (TFs), transporters, etc. We searched for the 3020 N-responsive genes among different TF databases and identified 67 classes of TFs encoded by 210 N-responsive genes. They include 26 major classes (≥3 genes) totaling 156 genes and 41 minor classes (¾2 genes) totaling 54 genes (Supplementary Table S9). They are AP2/ERF-ERF, MYB-related, NAC, bZIP, AUX/IAA, PHD, bHLH, C3H, and GRAS among others (Figure 5A; Supplementary Table S9). Among the co-expressed modules, the turquoise module was predominant for transcription factors (55) followed by blue (33), yellow (22), brown (20), pink (16), red (14), and nine others. Gene counts based on Venn analysis of these 210 TFs with predicted NUE-related TFs (Kumari et al., 2021) confirmed 32 of them. Only one of them (Dof1) was previously reported as associated with NUE (Kurai et al., 2011), but our analysis offers many more (31) TFs as candidates to improve N-response/NUE.




Figure 5 | Transcription factors, Transporters, and Kinases associated with NUE. (A) 67 classes of TFs encoded by 210 N-responsive genes; (B) 15 Major and 32 minor transporter gene families identified in 92 and 45 N-responsive genes respectively; (C) Nine kinase families identified in 98 N-responsive genes.



N-transporters are important regulators of source-sink dynamics (Tegeder and Masclaux-Daubresse, 2018) and some were indeed associated with NUE (Masclaux-Daubresse et al., 2010; Wang et al., 2018; Wang et al., 2019; Hou et al., 2021, Nazish et al., 2021). We searched for the 3020 N-responsive genes among Rice transporter DB, RAP DB, Transport DB2, and identified 15 major transporter’s families (≥3 genes) totaling 92 genes and 32 (≤2 genes) minor transporters families totaling 45 genes (Supplementary Table S10). The top 5 transporter’s families are the mitochondrial carrier (MC) family, major facilitator superfamily (MFS), H+- or Na+-translocating F-type, V-type and A-type ATPase (F-ATPase) superfamily, drug/metabolite transporter (DMT) superfamily, ABC transporter superfamily (Figure 5B). Their detailed description has been provided in Supplementary Table S10. Among the coexpressed modules, the turquoise module has maximum transporters followed by blue, brown, pink, black, and others. A Venn analysis comparing these 132 transporters to earlier predicted NUE transporters confirms 17 of them as NUE transporters. Out of the analyzed transporters, AMT1.1 and NRT1.1 were validated in the field for NUE. Thus, our analysis identified several other transporters as potential candidates for improving N-response/NUE.





Protein kinases in N-response/NUE

Protein kinases are known to play an important role in N-response and NUE in crops (Fataftah et al., 2018; Hsieh et al., 2018; Jiang et al., 2018; Perchlik and Tegeder, 2018; Xiong et al., 2019). Here, we identified 98 N-responsive genes encoding 9 kinase families (Figure 5C; Supplementary Table S11) using the database iTak (http://itak.feilab.net/cgi-bin/itak/index.cgi). They are glycogen synthase kinase (GSK) and CDC-like kinase (CLK; CMGC: 27), receptor-like kinases (RLK: 26), Ca2+/calmodulin-dependent protein kinases (CAMK: 22), Tyrosine kinase-like (TKL: 9), casein kinase 1(CK1: 6), AGC (3), serine/threonine protein kinase (STE: 3), a numb-associated family of protein kinases (NAK: 1) and with-no-lysine protein kinases (WNK: 1). Among the coexpressed modules, the turquoise module was predominant for kinases (25) followed by blue (15), brown (11), yellow (10), green (8) and nine others. Venn analysis of these 98 kinases with the previously predicted NUE-related kinases in rice (Kumari et al., 2021) enabled shortlisting of 18 of them as potentially critical for NUE. Among them, four kinases namely GUDK, OsBSK3, OSK1, and OSK3 were previously field-validated for yield but not for NUE. Thus, our analysis offers a shortlist of kinases as candidates to improve N-responsive yield and therefore NUE.





miRNAs in N-response/NUE

To understand the role of miRNAs in post-transcriptional regulation of N-response/NUE, targets for miRNAs were searched among the 3020 N-responsive genes using the Plant miRNA database. The search identified 67 unique miRNA targets. The details of their genes and functions along with references are provided in Supplementary Table S12. Their gene ontology analysis by ExPath2.0 revealed the GO terms such as pollen development, splicing, and RNA processing among others (Supplementary Table S12). This indicates the role of these miRNA targets in regulating yield through RNA splicing. Among the coexpressed modules, the turquoise module was predominant for these miRNA targets (15) followed by blue (14), brown (10), magenta (6), and eight others. Venn analysis of these 67 miRNA targets with the previously predicted NUE-related miRNA targets (Kumari et al., 2021) enabled shortlisting of 4 of them as potentially related to NUE. They are, osa-miR1424, osa-miR170a, osa-miR1848 and osa-miR1861. These identified microRNAs have previously been reported to play a role in regulating rice grain development (Lu et al., 2008; Zhu et al., 2008) but not in NUE. Thus, our analysis offers a shortlist of miRNA targets as candidates to improve NUE.





N-regulated post-translational modifications in rice

Initial gene ontology analysis of N-responsive DEGs in Nidhi revealed many terms associated with post-translational modifications (PTM) such as phosphorylation, de-phosphorylation, hydrolase activity, glycosylation, and ubiquitination (Supplementary Table S13). In order to find N-responsive DEG-encoded proteins that can be modified post-translationally, the 3020 N-responsive genes were searched in the PTM viewer database (https://www.psb.ugent.be/webtools/ptm-viewer/experiment.php). We found 1918 gene IDs in the entire WGCNA data, of which the maximum number of PTMs (1056) were found for Lysine 2-Hydroxyisobutyrylation followed by Phosphorylation (651), Lysine Acetylation (102), Carbonylation (71), Ubiquitination (20), N-glycosylation (12), Succinylation (4) and Malonylation (2) (Supplementary Table S13). Gene counts using Venn analyses between these PTM genes and previously predicted NUE-related transcription factor genes in rice (Kumari et al., 2021) shortlisted16 DEGs encoding post-translationally modulated TFsfor NUE. Out of the 16 TFs, 14 (ASD1, DOS, OsbZIP12, OsNAC6, OsHAM2, OsPRR73, OsBIHD1, OsSPL9, OsHDT1, OsABF3, OsARF10, OsFBH1, OsNTL5 and OsMYBS2) underwent post-translational modification by phosphorylation, while the remaining two (OsC3H33 and OsCOL4) were modified by acetylation (Supplementary Table S13).

Similarly, 11 transporters with post-translational modifications were also found. Of these, six (OsLAX1, AMT1.1, OsEIN2, OPT, OsNPF2.4 and OsSUT2(t)) were modified via phosphorylation, while OsPAPST1 and OsABCC1 were modified by 2-Hydroxyisobutyrylation. Additionally, OsBT1-3 and OsABCC13 were modified via acetylation, while OsHT was modified through ubiquitination (Supplementary Table S13). Among the coexpressed modules, the turquoise module was predominant for these PTMs (550) followed by blue (304), brown (233), yellow (169), green (113) and ten others (Supplementary Table S13). Notably, out of these all TFs and transporters identified in this analysis, only one transporter namely AMT1.1 was field-validated for NUE in rice (Ranathunge et al., 2014). This analysis offers many more post-translationally regulated N-responsive genes involved in NUE from coexpression modules.





G-quadruplex sequences could epigenetically regulate N-responsive yield and NUE

To determine the presence of G4 sequences in N-responsive genes, we obtained the complete Oryza sativa G4 sequence data from PlantG4DB. After removing duplicate genes, we identified unique gene IDs that contained G4 sequences and performed Venn Selection with our 3020 N-responsive genes to identify 2298 genes. They were found to be distributed on all 12 chromosomes, though chromosomes 1, 2, and 3 accounted for over 50% of them. A detailed search for G4Q subclasses revealed that 2065 genes contained them in their mRNA/gene region, 1977 in their exons, 1649 in their CDS, 716 in 5’UTRs, 399 in promoters, and 161 in 3’UTR regions (Supplementary Table S14). Their statistical significance was confirmed by Fischer’s exact test and the details are provided in Supplementary Table S15. We also found a 17.6% higher occurrence of G4s in the plus/antisense strand compared to the negative/sense strand.

Among the identified WGCNA modules, 674 genes of the turquoise module were found to have G4 sequences followed by blue, brown, and other modules. Their details are presented in Supplementary Table S16. Gene ontology analysis of these N-responsive genes having G4 sequences revealed that they were involved in carbohydrate metabolism, nitrogen transport, signaling, respiration, and water deprivation among others (Supplementary Table S17). As yield association is an important differentiator in N-response and NUE (Sharma et al., 2021), we used a list of 3532 yield related genes compiled from journal literature and online databases as described earlier (Kumari et al., 2021). Their Venn selection with the 2298 genes having G4 sequences revealed 389 genes as both N-responsive and yield associated and therefore NUE-related (Supplementary Table S18). To our knowledge, this is the first shortlisting of G4s genes as important candidates for epigenetic improvement of NUE.

To confirm the differential N-responsiveness of some of these shortlisted genes, we selected 18 NUE-related genes (N-responsive and yield-associated genes) containing different location categories of G4 sequences (5’UTR, 3’UTR, cds, exon, mRNA and promoter) for further validation by RT-qPCR. The list of primers used in this study is provided in Supplementary Table S19. As negative controls, we used a non-N responsive gene without G4 sequences (Os01g0940000) and a non-N responsive gene with G4 sequences (Os09g0456200). Their expression was nearly unaltered, whether in terms of genotypes or N-treatments (Supplementary Figure 2). In addition, actin was used as an internal housekeeping control for RT-qPCR to test low nitrate response against normal nitrate. Relative to these controls, the expression of 7 test genes was validated for differential expression, either in terms of genotype or nitrate response (Supplementary Figure 2). Interestingly, 4 out of these 7 genes showed contrasting patterns of N-response between contrasting genotypes, while the other 3 showed similar up or downregulation by nitrate in both the genotypes. The genes that showed contrasting patterns were, OsCYP20-2 (Os05g0103200), OsGLP2-1 (Os02g0532500), TubA2 (Os11g0247300) and OsDXS2 (Os06g0142900), while the other three genes namely SPDT (Os06g0143700), OsASNase2 (Os04g0650700) and OsNRT1.1A (Os08g0155400) showed a similar pattern of regulation. These differences in regulation could be of particular interest to further dissect the mechanism of regulation of NUE, or to validate their potential for crop improvement.





G-quadruplex sequences differentiate genes involved in N-response and NUE

G-quadruplex sequences are known in genes that are associated with energy homeostasis, oxidative stress, and signaling pathways such as AMP kinases and TOR kinases (Xu et al., 2010; Robaglia et al., 2012; Dobrenel et al., 2013). TOR kinases have their role in the development of leaf and shoot via the GTPase ROP2 in response to nitrogen (Tulin et al., 2021). Therefore, we propose that nitrogen-responsive genes are important targets for the formation of G-quadruplex sequences and are regulated based on external N-availability. Gene ontology analysis of the N-responsive genes containing G4 sequences reveals their involvement in carbohydrate metabolism, water deprivation, nitrogen transport, respiration, among others (Supplementary Table S17). Interestingly, their Venn selection with the previously reported NUE-related genes revealed that 17% of the N-responsive genes containing G4 sequences are related to yield therefore, NUE. This provides the first ever estimate that upto 17% of the N-responsive genes could participate in NUE through epigenetic regulation mediated by G-quadruplex sequences, subject to further validation. Thus, G4 sequences could provide an effective means for differentiating between N-response and NUE at the gene level. The remaining 83% of them could either use genetic mode of regulation or other forms of epigenetic regulation besides G4Q.





NUE involves better photosynthesis, transpiration, and seed germination in low urea

From the gene ontology (GO) analysis of N-responsive genes containing G4s genes constituting the turquoise co-expression module, photosynthesis transpiration and seed germination were chosen for physiological validation by LICOR, while the genes tested above by RT-qPCR span other processes such as metabolic and abiotic stress processes, apart from chlorophyll and photosynthesis. Using 21 days old potted rice plants, photosynthesis and transpiration were measured on a pair of contrasting rice genotypes namely, Nidhi (low NUE) and Panvel1 (high NUE) using LICOR6400XT as described in materials and methods. Photosynthesis was significantly higher (P < 0.05) in low urea (1.5 mM N) over normal urea (15 mM N) for the high NUE genotype Panvel1, while it was lesser in the case of Nidhi (Figure 6A). A similar pattern was also observed for transpiration, though not found to be statistically significant (Figure 6B). In an independent experiment to test N-responsive germination in another high NUE genotype of rice (Vikramarya), surface sterilized and presoaked seeds were grown in Petri plates on moist cotton containing Arnon Hoagland medium (Sharma et al., 2018). The media contained either normal Ndose given as urea (15mM), 50% of normal N (7.5mM), or 10% N (1.5mM). By counting the visibly germinated seeds, it emerged that the highest % germination was found in 10% of normal urea (1.5 mM), followed by 50% N and 100%N (Figure 6C).




Figure 6 | N-responsive changes in physiological parameters in a contrasting pair of rice genotypes. Changes measured in (A) Photosynthesis; (B) Transpiration and (C) Germination under low urea and normal conditions in Nidhi (low NUE) and Panvel1 (high NUE) rice genotypes. The test of significance (P < 0.05) has been shown as the star, while NS represents non-significance.








Discussion

Several transcriptomic datasets of N-responsive genes are now available in various crops including rice, and they contain a vast amount of valuable information that has yet to be fully utilized. They include the underlying processes, shortlisting of candidate genes, identification of QTLs, miRNAs and their targets (Kumari et al., 2021). Some of them are specific to different sub-species of rice, such as indica (Pathak et al., 2020; Sharma et al., 2022), japonica (Mandal et al., 2022, others) or different sources of N such as nitrate, ammonium, or urea (Sharma et al., 2021). But together, they span diverse genotypes, N-forms and growth conditions yielding thousands of DEGs and enabling comprehensive meta-analyses. Identification of co-expressed genes/modules by methods such as WGCNA is one of the ways to distill the essence from all these datasets, but so far this was done only with individual N-responsive transcriptomic datasets in rice (Coneva et al., 2014; Zhang et al., 2019; Ueda et al., 2020; Yang et al., 2020b). Therefore, the present study utilized 16 microarray datasets for which the DEGs could be extracted from publicly available datasets and shortlisted 8 of them that shared the largest number of 3020 DEGs for WGCNA and other analyses.

Even though several RNAseq transcriptomes have also been published (SRP253184), very few of them revealed their DEGs and their small number of a few hundred DEGs did not meet the criteria for WGCNA and hence not considered for this study. Our analyses of the 3020 N-responsive DEGs common to 8 transcriptomes included WGCNA for genetic regulation and G-quadruplex sequences and miRNAs for epigenetic regulation to quantify their relative contribution to the NUE trait and to propose a model for its regulation.

Genes with similar expression patterns may participate in similar biological processes or networks. Further, positively coexpressed genes within the same pathway tend to cluster in close proximity within the pathway structure, whereas negatively correlated genes generally occupy more distant positions (Mao et al., 2009). Similar results were found in plants when coexpression networks of 1,330 genes derived from the AraCyc metabolic pathway database of Arabidopsis thaliana were analyzed (Wei et al., 2006). Our WGCNA of 3020 N-responsive genes shared by 8 N-responsive microarray datasets yielded 15 modules. The turquoise module had the largest number of 875 genes with the highest significance and proportion of functional categories. Of these, 34% were transporters, 26% TFs, >22% miRNAs, 25.5% kinases, >28% PTMs, and>29% G4 sequences. This module contains the largest number of predicted NUE-related genes by Kumari et al. (2021), apart from the field-validated ammonium transporter and nitrate transporter (OsNPF2.4, Fan et al., 2016). This makes the turquoise module the most suitable one to identify hub genes and important processes for NUE. They include photosynthesis, water transport, and seed germination, which we had earlier shown as important processes for N-response/NUE (Sharma et al., 2018; Kumari et al., 2021; Sharma et al., 2021; Mandal et al., 2022; Sharma et al., 2022).

Gene ontology analyses revealed that biosynthesis and transport of nitrogen, photosynthesis, water deprivation, translation, signal transduction, respiration and peptide biosynthetic process were prominent biological classes of N-responsive genes (Supplementary Table S4; Figure 2), suggesting the role of nitrogen-responsive genes in respiration, photosynthesis, and water deprivation, etc. These findings extend our experimental observations in indica (Sharma et al., 2018; Sharma et al., 2022) Kumari et al. (2021) and japonica rice (Mandal et al., 2022), which also indicated the importance of some transcription factors. In this study, we found 210 DEGs encoding transcription factors falling into 67 categories (Supplementary Table S7). A few genes associated with NAC, MYB and GRASS are among the top categories, while DOF and MADS are among the bottom and have been implicated earlier in yield or NUE (Madan et al., 2022). Among them, DOF1 is well-known to improve NUE (Yanagisawa et al., 2004) and ARF4 has been reported to improve yield (Hu et al., 2018). Therefore, it may be attractive to validate the remaining TFs reported here for their role in NUE.

Nitrogen-responsive transporters can uptake either nitrate or ammonium ions, amino acids, or urea through their respective families of transporters for plant growth, development, yield, and NUE (Kumari et al., 2021; Madan et al., 2022; Sharma et al., 2022). In this study, the 132 transporters encoded by urea-responsive genes include 17 that we previously predicted to be involved in NUE (Kumari et al., 2021; Supplementary Table S8). Interestingly, the mitochondrial carrier family tops among the other transporter families and their further characterization, and shortlisting might reveal new targets for NUE.

A common limitation of transcriptomic analyses is that they do not adequately account for the role of post-translational modifications (PTMs) in the response to environmental signals despite their importance in signal transduction. They have also not been explored in N-response till recently (Pei et al., 2019; Wang et al., 2021; Han et al., 2022) and NUE (Sharma et al., 2022). Our bioinformatic analysis revealed 8 types of N-responsive PTMs of 1918 proteins, of which Lysine 2-Hydroxyisobutyrylationemerged as most predominant, followed by phosphorylation for their potential role in N-response/NUE (Supplementary Table S12). Phosphorylation has recently been acknowledged to be a crucial PTM for N response (Han et al., 2022) and NUE (Sharma et al., 2022). Here, we report that the overall targets of PTM in N-response/NUE include 14 transcription factors (Supplementary Table S13) and 6 transporters (Supplementary Table S14).

G4s are considered to act as molecular switches to regulate gene expression in metazoan cells (Eddy and Maizels, 2006). In plants, a few studies have reported the role of G4 sequences, such as in transport and gene expression (Garg et al., 2016), growth and development (Yang et al., 2020b), hydrolase activity (Cagirici et al., 2021), stress response, energy status, and sugar availability (Yadav et al., 2017). Here, we report their role in N-response or NUE for the first time. We found the highest occurrence of G4Q in the turquoise module of N-responsive DEGs in rice. The occurrence of G4s in their mRNAs, exons and CDS suggests their role in the regulation of gene expression (Andorf et al., 2014), while their occurrence in UTRs suggests their role in post-transcriptional regulation (Wang et al., 2015). Among the subtypes of G4s, we found that G2 sequences were >99% in the N-responsive DEGs.

The association of different types of G4s with different genomic regions is considered to suggest their role in different regulatory processes. For example, G2 G4s are implicated in the regulation of transcription and translation (Varshney et al., 2020), while G3 G4s are considered important for promoter regulation (Hegyi, 2015). Gene ontology analysis of all the DEGs containing G4s suggests their involvement in carbohydrate metabolism, nitrogen transport, signaling, respiration, and water deprivation among others (Supplementary Table S17). These observations are in line with the findings of Yadav et al. (2017), who linked G4s with carbohydrate metabolism and water deprivation. Therefore, it is attractive to validate their role in N-response/NUE, for which we provide a prioritized list of 389 G4s-containing genes common to N-response and grain yield (Supplementary Table S18). Further, their regulation needs to be examined in both genetic and epigenetic terms, as G4 sequences are also known to be involved in epigenetic regulation (Cavalieri and Spinelli, 2019; Mukherjee et al., 2019; Reina and Cavalieri, 2020; Wu et al., 2021). Accordingly, the confirmed candidates may be targeted to improve NUE either genetically or epigenetically.

Our RT-qPCR studies validated the nitrate-regulation of seven G4Q harboring genes related to NUE (N-responsive and yield-related) in two Indian rice genotypes (Supplementary Figure 2) that we earlier characterized as contrasting for NUE (Sharma et al., 2018; Sharma et al., 2021). Four of these genes showed contrasting patterns of nitrate regulation between the contrasting genotypes, while the other three genes showed similar up/down regulation between genotypes. These differences in gene expression could be due to genetic and/or epigenetic reasons including G4Q and need further investigation using many more genes in wider germplasm. It also remains to be seen whether post-transcriptional regulation of these genes by G4Qs causes measurable changes in their protein levels and whether they correlate with measurable variation of NUE in the germplasm.

Interestingly, G4 sequences can play a potential role in mitochondria (Falabella et al., 2019) and mitochondrial transporters are emerging as an important class of putative G4s-containing candidates in our study. Further, our earlier findings demonstrated the role of mitochondrial respiration in N-response/NUE (Sharma et al., 2018). Taken together, these two lines of evidence indicate the potentially important role of mitochondria in the epigenetic regulation of N-response/NUE, which was so far attributed only to miRNAs. Further, validation of the role of G4s in mitochondrial regulation of NUE could offer novel means to shortlist candidate genes for crop improvement towards NUE.

Finally, based on our results, we present a model that summarizes the regulatory mechanisms potentially activated by G4 quadruplexes in response to variations in external nitrogen levels (Figure 7). Interestingly, only 17% of the G4s-containing N-responsive genes are found to be related to yield, indicating that only those G4s-containing genes that are both N-responsive and yield-related contribute to NUE. These findings add to our previous experimental distinction between N-response at the level of phenotype as well as genotype (Kumari et al., 2021; Sharma et al., 2021; Sharma et al., 2022) and could facilitate the shortlisting of target genes for crop improvement towards NUE as well as to choose between genetic or epigenetic means.




Figure 7 | A hypothetical model of the underlying regulatory processes that may be triggered by G-quadruplexes in response to change in the availability of external nitrogen.
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Supplementary Figure 2 | RT-qPCR graph showing log2 fold change values of 7 differentially regulated genes represented as mean± SE in Nidhi and Panvel1 genotypes grown under low-nitrate (1.5 mM) with normal nitrate (15 mM) as control, OsCYP20-2 (Os05g0103200), OsGLP2-1 (Os02g0532500), TubA2 (Os11g0247300), OsDXS2 (Os06g0142900), SPDT (Os06g0143700), OsASNase2 (Os04g0650700) and OsNRT1.1A (Os08g0155400).




References

 Amrine, K. C., Blanco-Ulate, B., and Cantu, D. (2015). Discovery of core biotic stress responsive genes in arabidopsis by weighted gene co-expression network analysis. PloS One 10 (3), e0118731. doi: 10.1371/journal.pone.0118731

 Andorf, C. M., Kopylov, M., Dobbs, D., Koch, K. E., Stroupe, M. E., Lawrence, C. J., et al. (2014). G-Quadruplex (G4) motifs in the maize (Zea mays l.) genome are enriched at specific locations in thousands of genes coupled to energy status, hypoxia, low sugar, and nutrient deprivation. J. Genet. Genomics 41 (12), 627–647. doi: 10.1016/j.jgg.2014.10.004

 Burge, S., Parkinson, G. N., Hazel, P., Todd, A. K., and Neidle, S. (2006). Quadruplex DNA: sequence, topology and structure. Nucleic Acids Res. 34(19), 5402–5415.doi: 10.1093/nar/gkl655

 Cagirici, H. B., Budak, H., and Sen, T. Z. (2021). Genome-wide discovery of G-quadruplexes in barley. Sci. Rep. 11 (1), 1–15. doi: 10.1038/s41598-021-86838-3

 Cagirici, H. B., and Sen, T. Z. (2020). Genome-wide discovery of G-quadruplexes in wheat: distribution and putative functional roles. G3 (Bethesda Md.) 10 (6), 2021–2032. doi: 10.1534/g3.120.401288

 Cavalieri, V., and Spinelli, G. (2019). “Histone-mediated transgenerational epigenetics,” in Transgenerational epigenetics (Academic Press, UK), 157–183.

 Chang, Y. M., Lin, H. H., Liu, W. Y., Yu, C. P., Chen, H. J., Wartini, P. P., et al. (2019). Comparative transcriptomics method to infer gene coexpression networks and its applications to maize and rice leaf transcriptomes. Proc. Natl. Acad. Sci. 116 (8), 3091–3099. doi: 10.1073/pnas.1817621116

 Chen, J., Zhang, Y., Tan, Y., Zhang, M., Zhu, L., Xu, G., et al. (2016). Agronomic nitrogen-use efficiency of rice can be increased by driving os NRT 2.1 expression with the os NAR 2.1 promoter. Plant Biotechnol. J. 14 (8), 1705–1715. doi: 10.1111/pbi.12531

 Chien, C. H., Chow, C. N., Wu, N. Y., Chiang-Hsieh, Y. F., Hou, P. F., and Chang, W. C. (2015). December. EXPath: a database of comparative expression analysis inferring metabolic pathways for plants. in. BMC Genomics 16 (2), 1–10. doi: 10.1186/1471-2164-16-S2-S6

 Coneva, V., Simopoulos, C., Casaretto, J. A., El-Kereamy, A., Guevara, D. R., Cohn, J., et al. (2014). Metabolic and co-expression network-based analyses associated with nitrate response in rice. BMC Genomics 15 (1), 1–14. doi: 10.1186/1471-2164-15-1056

 Dobrenel, T., Marchive, C., Azzopardi, M., Clément, G., Moreau, M., Sormani, R., et al. (2013). Sugar metabolism and the plant target of rapamycin kinase: a sweet operaTOR? Front. Plant Sci. 4, 93. doi: 10.3389/fpls.2013.00093

 Eddy, J., and Maizels, N. (2006). Gene function correlates with potential for G4 DNA formation in the human genome. Nucleic Acids Res. 34 (14), 3887–3896. doi: 10.1093/nar/gkl529

 Falabella, M., Fernandez, R. J., Johnson, F. B., and Kaufman, B. A. (2019). Potential roles for G-quadruplexes in mitochondria. Curr. Medicinal Chem. 26 (16), 2918–2932. doi: 10.2174/0929867325666180228165527

 Fan, X., Tang, Z., Tan, Y., Zhang, Y., Luo, B., Yang, M., et al. (2016). Overexpression of a pH-sensitive nitrate transporter in rice increases crop yields. Proc. Natl. Acad. Sci. 113 (26), 7118–7123. doi: 10.1073/pnas.1525184113

 Fataftah, N., Mohr, C., Hajirezaei, M. R., Wirén, N. V., and Humbeck, K. (2018). Changes in nitrogen availability lead to a reprogramming of pyruvate metabolism. BMC Plant Biol. 18 (1), 1–15. doi: 10.1186/s12870-018-1301-x

 Garg, R., Aggarwal, J., and Thakkar, B. (2016). Genome-wide discovery of G-quadruplex forming sequences and their functional relevance in plants. Scientific reports 6(1), 28211.

 Griffin, B. D., and Bass, H. W. (2018). Plant G-quadruplex (G4) motifs in DNA and RNA; abundant, intriguing sequences of unknown function. Plant Sci. 269, 143–147. doi: 10.1016/j.plantsci.2018.01.011

 Han, R. C., Xu, Z. R., Li, C. Y., Rasheed, A., Pan, X. H., Shi, Q. H., et al. (2022). The removal of nitrate reductase phosphorylation enhances tolerance to ammonium nitrogen deficiency in rice. J. Integr. Agric. 21 (3), 631–643. doi: 10.1016/S2095-3119(20)63473-6

 He, D., Wang, Q., Li, M., Damaris, R. N., Yi, X., Cheng, Z., et al. (2016). Global proteome analyses of lysine acetylation and succinylation reveal the widespread involvement of both modification in metabolism in the embryo of germinating rice seed. J. Proteome Res. 15 (3), 879–890. doi: 10.1021/acs.jproteome.5b00805

 Hegyi, H. (2015). Enhancer-promoter interaction facilitated by transiently forming G-quadruplexes. Sci. Rep. 5, 9165. doi: 10.1038/srep09165

 Hoagland, D. R., and Arnon, D. I. (1950). The water-culture method for growing plants without soil. circular Vol. 347 (USA: California agricultural experiment station).

 Hou, Y., Qiu, J., Wang, Y., Li, Z., Zhao, J., Tong, X., et al. (2017). A quantitative proteomic analysis of brassinosteroid-induced protein phosphorylation in rice (Oryza sativa l.). Front. Plant Sci. 8, 514. doi: 10.3389/fpls.2017.00514

 Hou, M., Yu, M., Li, Z., Ai, Z., and Chen, J. (2021). Molecular regulatory networks for improving nitrogen use efficiency in rice. International Journal of Molecular Sciences 22(16), 9040.

 Hsieh, P. H., Kan, C. C., Wu, H. Y., Yang, H. C., and Hsieh, M. H. (2018). Early molecular events associated with nitrogen deficiency in rice seedling roots. Sci. Rep. 8 (1), 1–23. doi: 10.1038/s41598-018-30632-1

 Hu, Z., Lu, S. J., Wang, M. J., He, H., Sun, L., Wang, H., et al. (2018). A novel QTL qTGW3 encodes the GSK3/SHAGGY-like kinase OsGSK5/OsSK41 that interacts with OsARF4 to negatively regulate grain size and weight in rice. Mol. Plant 11 (5), 736–749. doi: 10.1016/j.molp.2018.03.005

 Huang, W., Nie, H., Feng, F., Wang, J., Lu, K., and Fang, Z. (2019). Altered expression of OsNPF7. 1 and OsNPF7. 4 differentially regulates tillering and grain yield in rice. Plant Sci. 283, 23–31. doi: 10.1016/j.plantsci.2019.01.019

 Islam, W., Tauqeer, A., Waheed, A., and Zeng, F. (2022). MicroRNA mediated plant responses to nutrient stress. Int. J. Mol. Sci. 23 (5), 2562. doi: 10.3390/ijms23052562

 Jiang, L., Ball, G., Hodgman, C., Coules, A., Zhao, H., and Lu, C. (2018). Analysis of gene regulatory networks of maize in response to nitrogen. Genes 9 (3), 151. doi: 10.3390/genes9030151

 Kang, W. H., Lee, J., Koo, N., Kwon, J. S., Park, B., Kim, Y. M., et al. (2022). Universal gene co-expression network reveals receptor-like protein genes involved in broad-spectrum resistance in pepper (Capsicum annuum l.). Horticulture Res. 9. doi: 10.1093/hr/uhab003

 Kanter, D. R., Winiwarter, W., Bodirsky, B. L., Bouwman, L., Boyer, E., Buckle, S., et al. (2020). A framework for nitrogen futures in the shared socioeconomic pathways. Global Environ. Change 61, 102029. doi: 10.1016/j.gloenvcha.2019.102029

 Kawahara, Y., de la Bastide, M., Hamilton, J. P., Kanamori, H., McCombie, W. R., Ouyang, S., et al. (2013). Improvement of the oryza sativa nipponbare reference genome using next generation sequence and optical map data. Rice 6 (1), 1–10. doi: 10.1186/1939-8433-6-4

 Kopec, P. M., and Karlowski, W. M. (2019). Sequence dynamics of pre-mRNA G-quadruplexes in plants. Front. Plant Sci. 10, 812. doi: 10.3389/fpls.2019.00812

 Kumari, S., Sharma, N., and Raghuram, N. (2021). Meta-analysis of yield-related and n-responsive genes reveals chromosomal hotspots, key processes and candidate genes for nitrogen-use efficiency in rice. Front. Plant Sci. 12, 627955. doi: 10.3389/fpls.2021.627955

 Kurai, T., Wakayama, M., Abiko, T., Yanagisawa, S., Aoki, N., and Ohsugi, R. (2011). Introduction of the ZmDof1 gene into rice enhances carbon and nitrogen assimilation under low-nitrogen conditions. Plant Biotechnol. J. 9 (8), 826–837. doi: 10.1111/j.1467-7652.2011.00592.x

 Kurata, N., and Yamazaki, Y. (2006). Oryzabase. an integrated biological and genome information database for rice. Plant Physiol. 140 (1), 12–17. doi: 10.1104/pp.105.063008

 Li, A., Hu, B., and Chu, C. (2021). Epigenetic regulation of nitrogen and phosphorus responses in plants. J. Plant Physiol. 258, 153363. doi: 10.1016/j.jplph.2021.153363

 Li, M., Tian, R., Monchaud, D., and Zhang, W. (2022). Omics studies of DNA G-/C-quadruplexes in plants. Trends Genet. 10, 999–1002. doi: 10.1016/j.tig.2022.06.005

 Li, J. Y., Wang, J., and Zeigler, R. S. (2014). The 3,000 rice genomes project: new opportunities and challenges for future rice research. Gigascience 3 (1), 2047–217X. doi: 10.1186/2047-217X-3-8

 Li, Y., Xiao, J., Chen, L., Huang, X., Cheng, Z., Han, B., et al. (2018). Rice functional genomics research: past decade and future. Mol. Plant 11 (3), 359–380. doi: 10.1016/j.molp.2018.01.007

 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

 Long, S. P., Marshall, A. M., and Zhu, X. G. (2015). Engineering crop photosynthesis and yield potential to meet global food demand of 2050. Cell 161, 56–66. doi: 10.1016/j.cell.2015.03.019

 Lu, C., Jeong, D. H., Kulkarni, K., Pillay, M., Nobuta, K., German, R., et al. (2008). Genome-wide analysis for discovery of rice microRNAs reveals natural antisense microRNAs (nat-miRNAs). Proc. Natl. Acad. Sci. U. S. A.  105, 4951–4956. doi: 10.1073/pnas.0708743105

 Lu, C., Pu, Y., Liu, Y., Li, Y., Qu, J., Huang, H., et al. (2019). Comparative transcriptomics and weighted gene co-expression correlation network analysis (WGCNA) reveal potential regulation mechanism of carotenoid accumulation in chrysanthemum× morifolium. Plant Physiol. Biochem. 142, 415–428. doi: 10.1016/j.plaphy.2019.07.023

 Madan, B., Malik, A., and Raghuram, N. (2022). “Crop nitrogen use efficiency for sustainable food security and climate change mitigation,” in Plant nutrition and food security in the era of climate change (UK: Academic Press, Elsevier), 47–72.

 Mandal, V. K., Jangam, A. P., Chakraborty, N., and Raghuram, N. (2022). Nitrate-responsive transcriptome analysis reveals additional genes/processes and associated traits viz. height, tillering, heading date, stomatal density and yield in japonica rice. Planta 255 (2), 1–19. doi: 10.1007/s00425-021-03816-9

 Mandal, V. K., Sharma, N., and Raghuram, N. (2018). “Molecular targets for improvement of crop nitrogen use efficiency: current and emerging options,” in Engineering nitrogen utilization in crop plants (Cham: Springer), 77–93.

 Mao, L., Van Hemert, J. L., Dash, S., and Dickerson, J. A. (2009). Arabidopsis gene co-expression network and its functional modules. BMC Bioinformatics. 10, 346. doi: 10.1186/1471-2105-10-346

 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 (7), 1141–1157. doi: 10.1093/aob/mcq028

 Meng, X., Xing, S., Perez, L. M., Peng, X., Zhao, Q., Redoña, E. D., et al. (2017). Proteome-wide analysis of lysine 2-hydroxyisobutyrylation in developing rice (Oryza sativa) seeds. Sci. Rep. 7 (1), 1–11. doi: 10.1038/s41598-017-17756-6

 Møller, I. M., and Kristensen, B. K. (2006). Protein oxidation in plant mitochondria detected as oxidized tryptophan. Free Radical Biol. Med. 40 (3), 430–435. doi: 10.1016/j.freeradbiomed.2005.08.036

 Móring, A., Hooda, S., Raghuram, N., Adhya, T. K., Ahmad, A., Bandyopadhyay, S. K., et al. (2021). Nitrogen challenges and opportunities for agricultural and environmental science in India. Front. Sustain. Food Syst. 5, 505347. doi: 10.3389/fsufs.2021.505347

 Mujahid, H., Meng, X., Xing, S., Peng, X., Wang, C., and Peng, Z. (2018). Malonylome analysis in developing rice (Oryza sativa) seeds suggesting that protein lysine malonylation is well-conserved and overlaps with acetylation and succinylation substantially. J. Proteomics 170, 88–98. doi: 10.1016/j.jprot.2017.08.021

 Mukherjee, A. K., Sharma, S., and Chowdhury, S. (2019). Non-duplex G-quadruplex structures emerge as mediators of epigenetic modifications. Trends Genet. 35 (2), 129–144. doi: 10.1016/j.tig.2018.11.001

 Nakagami, H., Sugiyama, N., Mochida, K., Daudi, A., Yoshida, Y., Toyoda, T., et al. (2010). Large-Scale comparative phosphoproteomics identifies conserved phosphorylation sites in plants. Plant Physiol. 153 (3), 1161–1174. doi: 10.1104/pp.110.157347

 Nazish, T., Arshad, M., Jan, S. U., Javaid, A., Khan, M. H., Naeem, M. A., et al. (2021). Transporters and transcription factors gene families involved in improving nitrogen use efficiency (NUE) and assimilation in rice (Oryza sativa L.). Transgenic Research. 31(1), 23–42. doi: 10.1007/s11248-021-00284-5

 Neeraja, C. N., Barbadikar, K. M., Krishnakanth, T., Bej, S., Rao, I. S., Srikanth, B., et al. (2021). Down regulation of transcripts involved in selective metabolic pathways as an acclimation strategy in nitrogen use efficient genotypes of rice under low nitrogen. 3 Biotech. 11 (2), 1–15. doi: 10.1007/s13205-020-02631-5

 Nischal, L., Mohsin, M., Khan, I., Kardam, H., Wadhwa, A., Abrol, Y. P., et al. (2012). Identification and comparative analysis of microRNAs associated with low-n tolerance in rice genotypes. PloS One 7 (12), e50261. doi: 10.1371/journal.pone.0050261

 Norton, R., Davidson, E., and Roberts, T. (2015). Nitrogen use efficiency and nutrient performance indicators. Global Partnership Nutrient Manage. 14. Available at: https://wedocs.unep.org/20.500.11822/10750

 Pathak, R. R., Jangam, A. P., Malik, A., Sharma, N., Jaiswal, D. K., and Raghuram, N. (2020). Transcriptomic and network analyses reveal distinct nitrate responses in light and dark in rice leaves (Oryza sativa indica var. Panvel1). Sci. Rep. 10 (1), 1–17. doi: 10.1038/s41598-020-68917-z

 Pei, W., Jain, A., Ai, H., Liu, X., Feng, B., Wang, X., et al. (2019). OsSIZ2 regulates nitrogen homeostasis and some of the reproductive traits in rice. J. Plant Physiol. 232, 51–60. doi: 10.1016/j.jplph.2018.11.020

 Perchlik, M., and Tegeder, M. (2018). Leaf amino acid supply affects photosynthetic and plant nitrogen use efficiency under nitrogen stress. Plant Physiol. 178 (1), 174–188. doi: 10.1104/pp.18.00597

 Qiu, J., Hou, Y., Tong, X., Wang, Y., Lin, H., Liu, Q., et al. (2016). Quantitative phosphoproteomic analysis of early seed development in rice (Oryza sativa l.). Plant Mol. Biol. 90 (3), 249–265. doi: 10.1007/s11103-015-0410-2

 Qiu, J., Hou, Y., Wang, Y., Li, Z., Zhao, J., Tong, X., et al. (2017). A comprehensive proteomic survey of ABA-induced protein phosphorylation in rice (Oryza sativa l.). Int. J. Mol. Sci. 18 (1), 60. doi: 10.3390/ijms18010060

 Raghuram, N., Aziz, T., Kant, S., Zhou, J., and Schmidt, S. (2022). Nitrogen use efficiency and sustainable nitrogen management in crop plants. Front. Plant Sci. 13. doi: 10.3389/978-2-88974-284-4

 Raghuram, N., Sutton, M. A., Jeffery, R., Ramachandran, R., and Adhya, T. K. (2021). From south Asia to the world: embracing the challenge of global sustainable nitrogen management. One Earth 4 (1), 22–27. doi: 10.1016/j.oneear.2020.12.017

 Ranathunge, K., El-Kereamy, A., Gidda, S., Bi, Y. M., and Rothstein, S. J. (2014). AMT1;1 transgenic rice plants with enhanced NH4 + permeability show superior growth and higher yield under optimal and suboptimal NH4+ conditions. J. Exp. Bot. 65, 965–979. doi: 10.1093/jxb/ert458

 Reina, C., and Cavalieri, V. (2020). Epigenetic modulation of chromatin states and gene expression by G-quadruplex structures. Int. J. Mol. Sci. 21 (11), 4172. doi: 10.3390/ijms21114172

 Robaglia, C., Thomas, M., and Meyer, C. (2012). Sensing nutrient and energy status by SnRK1 and TOR kinases. Curr. Opin. Plant Biol. 15 (3), 301–307. doi: 10.1016/j.pbi.2012.01.012

 Ruprecht, C., Vaid, N., Proost, S., Persson, S., and Mutwil, M. (2017). Beyond genomics: studying evolution with gene coexpression networks. Trends Plant Sci. 22 (4), 298–307. doi: 10.1016/j.tplants.2016.12.011

 Sengupta, A., Roy, S. S., and Chowdhury, S. (2021). Non-duplex G-quadruplex DNA structure: a developing story from predicted sequences to DNA structure-dependent epigenetics and beyond. Accounts Chem. Res. 54 (1), 46–56. doi: 10.1021/acs.accounts.0c00431

 Séré, D., and Martin, A. (2020). Epigenetic regulation: another layer in plant nutrition. Plant Signal Behav. 15 (1), 1–6. doi: 10.1080/15592324.2019.1686236

 Shao, X., Zhang, W., Umar, M. I., Wong, H. Y., Seng, Z., Xie, Y., et al. (2020). RNA G-Quadruplex structures mediate gene regulation in bacteria. mBio 11 (1), e02926–e02919. doi: 10.1128/mBio.02926-19

 Sharma, N., Jaiswal, D. K., Kumari, S., Dash, G. K., Panda, S., Anandan, A., et al. (2023). Genomewide urea response in rice genotypes contrasting for nitrogen use efficiency. Int. J. Mol. Sci. 24 (7), 6080. doi: 10.3390/ijms24076080

 Sharma, N., Kuchi, S., Singh, V., and Raghuram, N. (2019). Method for preparation of nutrient-depleted soil for determination of plant nutrient requirements. Commun. Soil Sci. Plant Anal. 50 (15), 1878–1886. doi: 10.1080/00103624.2019.1648492

 Sharma, N., Kumari, S., Jaiswal, D. K., and Raghuram, N. (2022). Comparative transcriptomic analyses of nitrate-response in rice genotypes with contrasting nitrogen use efficiency reveals common and genotype-specific processes, molecular targets and nitrogen use efficiency-candidates. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.881204

 Sharma, N., Sinha, V. B., Gupta, N., Rajpal, S., Kuchi, S., Sitaramam, V., et al. (2018). Phenotyping for nitrogen use efficiency: rice genotypes differ in n-responsive germination, oxygen consumption, seed urease activities, root growth, crop duration, and yield at low n. Front. Plant Sci. 9, 1452. doi: 10.3389/fpls.2018.01452

 Sharma, N., Sinha, V. B., Prem Kumar, N. A., Subrahmanyam, D., Neeraja, C. N., Kuchi, S., et al. (2021). Nitrogen use efficiency phenotype and associated genes: roles of germination, flowering, root/shoot length and biomass. Front. Plant Sci. 11, 587464. doi: 10.3389/fpls.2020.587464

 Sinha, V. B., Jangam, A. P., and Raghuram, N. (2020). “Biological determinants of crop nitrogen use efficiency and biotechnological avenues for improvement,” in Just enough nitrogen (Cham: Springer), 157–171.

 Sun, B., Zhou, X., Chen, C., Chen, C., Chen, K., Chen, M., et al. (2020). Coexpression network analysis reveals an MYB transcriptional activator involved in capsaicinoid biosynthesis in hot peppers. Horticulture Res. 7. doi: 10.1038/s41438-020-00381-2

 Sutton, M. A., Howard, C. M., Kanter, D. R., Lassaletta, L., Móring, A., Raghuram, N., et al. (2021). The nitrogen decade: mobilizing global action on nitrogen to 2030 and beyond. One Earth (Nairobi:UNEP) 4 (1), 10–14. doi: 10.1016/j.oneear.2020.12.016

 Sutton, M., Raghuram, N., Adhya, T. K., Baron, J., Cox, C., de Vries, W., et al. (2019). “The nitrogen fix: from nitrogen cycle pollution to nitrogen circular economy-frontiers 2018/19: emerging issues of environmental concern chapter 4,” in Frontiers 2018/19: emerging issues of environmental concern. (UNEP, Nairobi)

 Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., et al. (2015). STRING v10: protein-protein interaction networks, integrated over the tree of life. Nucleic Acids Res. 43, D447–52. doi: 10.1093/nar/gku1003

 Tegeder, M., and Masclaux-Daubresse, C. (2018). Source and sink mechanisms of nitrogen transport and use. New Phytol. 217(1), 35–53.

 Tulin, F., Zhang, Z., and Wang, Z. Y. (2021). Activation of TOR signaling by diverse nitrogen signals in plants. Dev. Cell 56 (9), 1213–1214. doi: 10.1016/j.devcel.2021.04.014

 Udvardi, M., Below, F. E., Castellano, M. J., Eagle, A. J., Giller, K. E., Ladha, J. K., et al. (2021). A research road map for responsible use of agricultural nitrogen. Front. Sustain. Food Syst. 5, 660155. doi: 10.3389/fsufs.2021.660155

 Ueda, Y., Ohtsuki, N., Kadota, K., Tezuka, A., Nagano, A. J., Kadowaki, T., et al. (2020). Gene regulatory network and its constituent transcription factors that control nitrogen-deficiency responses in rice. New Phytol. 227 (5), 1434–1452. doi: 10.1111/nph.16627

 Varshney, D., Spiege, J., Zyner, K., Tannahill, D., and Balasubramanian, S. (2020). The regulation and functions of DNA and RNA G-quadruplexes. Nat. Rev. Mol. Cell Biol. 21 (8), 459–474. doi: 10.1038/s41580-020-0236-x

 Wang, Y., Hou, Y., Qiu, J., Li, Z., Zhao, J., Tong, X., et al. (2017). A quantitative acetylomic analysis of early seed development in rice (Oryza sativa l.). Int. J. Mol. Sci. 18 (7), 1376. doi: 10.3390/ijms18071376

 Wang, W., Hu, B., Yuan, D., Liu, Y., Che, R., Hu, Y., et al. (2018). Expression of the nitrate transporter gene OsNRT1. 1A/OsNPF6. 3 confers high yield and early maturation in rice. Plant Cell 30 (3), 638–651. doi: 10.1105/tpc.17.00809

 Wang, W., Li, A., Zhang, Z., and Chu, C. (2021). Posttranslational modifications: regulation of nitrogen utilization and signaling. Plant Cell Physiol. 62 (4), 543–552. doi: 10.1093/pcp/pcab008

 Wang, J., Wu, B., Lu, K., Wei, Q., Qian, J., Chen, Y., et al. (2019). The amino acid permease 5 (OsAAP5) regulates tiller number and grain yield in rice. Plant Physiol. 180 (2), 1031–1045. doi: 10.1104/pp.19.00034

 Wang, Y., Zhao, M., Zhang, Q., Zhu, G. F., Li, F. F., and Du, L. F. (2015). Genomic distribution and possible functional roles of putative G-quadruplex motifs in two subspecies of oryza sativa. Comput. Biol. Chem. 56, 122–130. doi: 10.1016/j.compbiolchem.2015.04.009

 Wei, H., Persson, S., Mehta, T., Srinivasasainagendra, V., Chen, L., Page, G. P., et al. (2006). Transcriptional coordination of the metabolic network in arabidopsis. Plant Physiol. 142 (2), 762–774. doi: 10.1104/pp.106.080358

 Winiwarter, W., Amon, B., Bodirsky, B. L., Friege, H., Geupel, M., Lassaletta, L., et al. (2022). Focus on reactive nitrogen and the UN sustainable development goals. Environ. Res. Lett. 17 (5), 050401. doi: 10.1088/1748-9326/ac6226

 Wu, F., Niu, K., Cui, Y., Li, C., Lyu, M., Ren, Y., et al. (2021). Genome-wide analysis of DNA G-quadruplex motifs across 37 species provides insights into G4 evolution. Commun. Biol. 4, 98. doi: 10.1038/s42003-020-01643-4

 Xie, X., Kang, H., Liu, W., and Wang, G. L. (2015). Comprehensive profiling of the rice ubiquitome reveals the significance of lysine ubiquitination in young leaves. J. Proteome Res. 14 (5), 2017–2025. doi: 10.1021/pr5009724

 Xiong, H., Guo, H., Zhou, C., Guo, X., Xie, Y., Zhao, L., et al. (2019). A combined association mapping and t-test analysis of SNP loci and candidate genes involving in resistance to low nitrogen traits by a wheat mutant population. PloS One 14 (1), e0211492. doi: 10.1371/journal.pone.0211492

 Xiong, Y., Peng, X., Cheng, Z., Liu, W., and Wang, G. L. (2016). A comprehensive catalog of the lysine-acetylation targets in rice (Oryza sativa) based on proteomic analyses. J. Proteomics 138, 20–29. doi: 10.1016/j.jprot.2016.01.019

 Xu, X. M., Lin, H., Maple, J., Björkblom, B., Alves, G., Larsen, J. P., et al. (2010). The arabidopsis DJ-1a protein confers stress protection through cytosolic SOD activation. J. Cell Sci. 123 (10), 1644–1651. doi: 10.1242/jcs.063222

 Yadav, V., Kim, N., Tuteja, N., and Yadav, P. (2017). G Quadruplex in plants: a ubiquitous regulatory element and its biological relevance. Front. Plant Sci. 8, 1163. doi: 10.3389/fpls.2017.01163

 Yanagisawa, S., Akiyama, A., Kisaka, H., and Miwa, T. (2004). Metabolic engineering with Dof1 transcription factor in plants: Improved nitrogen assimilation and growth under low-nitrogen conditions. Proc. Natl. Acad. Sci. 101(20), 7833–7838. doi: 10.1073/pnas.040226710

 Yang, X., Cheema, J., Zhang, Y., Deng, H., Duncan, S., Umar, M. I., et al. (2020b). RNA G-Quadruplex structures exist and function in vivo in plants. Genome Biol. 21 (1), 1–23. doi: 10.1186/s13059-020-02142-9

 Yang, X., Xia, X., Zeng, Y., Nong, B., Zhang, Z., Wu, Y., et al. (2020a). Genome-wide identification of the peptide transporter family in rice and analysis of the PTR expression modulation in two near-isogenic lines with different nitrogen use efficiency. BMC Plant Biol. 20 (1), 1–15. doi: 10.1186/s12870-020-02419-y

 Ying, J., Zhao, J., Hou, Y., Wang, Y., Qiu, J., Li, Z., et al. (2017). Mapping the n-linked glycosites of rice (Oryza sativa l.) germinating embryos. PloS One 12 (3), e0173853. doi: 10.1371/journal.pone.0173853

 Zhang, H., He, D., Yu, J., Li, M., Damaris, R. N., Gupta, R., et al. (2016). Analysis of dynamic protein carbonylation in rice embryo during germination through AP-SWATH. Proteomics 16 (6), 989–1000. doi: 10.1002/pmic.201500248

 Zhang, X., Zhou, J., Huang, N., Mo, L., Lv, M., Gao, Y., et al. (2019). Transcriptomic and co-expression network profiling of shoot apical meristem reveal contrasting response to nitrogen rate between indica and japonica rice subspecies. Int. J. Mol. Sci. 20 (23), 5922. doi: 10.3390/ijms20235922

 Zheng, J., He, C., Qin, Y., Lin, G., Park, W. D., Sun, M., et al. (2019). Co-Expression analysis aids in the identification of genes in the cuticular wax pathway in maize. Plant J. 97 (3), 530–542. doi: 10.1111/tpj.14140

 Zhu, Q. H., Spriggs, A., Matthew, L., Fan, L., Kennedy, G., Gubler, F., et al. (2008). A diverse set of microRNAs and microRNA-like small RNAs in developing rice grains. Genome Res. 18 (9), 1456–1465. doi: 10.1101/gr.075572.107

 Zhu, M., Xie, H., Wei, X., Dossa, K., Yu, Y., Hui, S., et al. (2019). WGCNA analysis of salt-responsive core transcriptome identifies novel hub genes in rice. Genes 10 (9), 719. doi: 10.3390/genes10090719




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 © 2023 Sharma, Madan, Khan, Sandhu and Raghuram. 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.


OEBPS/Images/fpls-14-1135675-g001.jpg
I R7(30)

| R8(16)
TR
[ R10(18)
_R11(D)
_ RI12(55)
AT 1 RIQ) .~ RSQ23)
L A% T R2®)
W v33) T R3(25)
= V4(46) U R4(14)
V5(2)
v B vo29)
W viae)
W vse)

. G@6)

-

Germination Seedling Tillering Panicle Initiation

Flowering Harvest

(V1-V9) (R1-R12)





OEBPS/Images/fpls-14-1135675-g006.jpg
NS
Panvell
1 OVIS 100

*I

S50Vs100

Urea dose

NS
Nidhi

I*

Nidhi

S w Swown oW i © N o wn o
- = e S ¥ Ry ISueVaSiqdeg @fdaSa0S
BIIN MO[ “JIM SISdyjussojoyd BN MO[ JaM uoneaidsueay uoneuIuLId3

U 3SBAIIIP 10 ISLAIIUI JUIIdJ U ISBIIIIP A0 ISBIIIUI JUIIIdJ ur dFueYD JUINIdJ

om & ]

{(!0





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Weighted gene co-expression network analysis of nitrogen (N)-responsive genes and the putative role of G-quadruplexes in N use efficiency (NUE) in rice

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Compilation and annotation of N-responsive genes

          



          		

            Weighted gene co-expression network construction and module identification

          



          		

            Functional annotation of significant modules

          



          		

            Data mining for transporters, transcription factors, kinases, and miRNA targets

          



          		

            Physiological measurements

          



          		

            G-quadruplex sequences and post-translational modifications

          



          		

            RNA isolation and RT-qPCR analysis

          



        



        



        		

          Results

        

          		

            N-responsive genes associated with NUE-phenotypic traits

          



          		

            Biological pathways and sub-cellular locations of genes involved in N-response/NUE

          



          		

            Co-expression network analysis reveals coregulated modules of N-responsive genes

          



          		

            Significant modules reveal the enrichment of photosynthesis and other processes

          



          		

            PPI network of co-expressed N-responsive genes reveals hub genes

          



          		

            Transcription factors and transporters coordinate N-response/NUE

          



          		

            Protein kinases in N-response/NUE

          



          		

            miRNAs in N-response/NUE

          



          		

            N-regulated post-translational modifications in rice

          



          		

            G-quadruplex sequences could epigenetically regulate N-responsive yield and NUE

          



          		

            G-quadruplex sequences differentiate genes involved in N-response and NUE

          



          		

            NUE involves better photosynthesis, transpiration, and seed germination in low urea

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-14-1135675-g005.jpg
-4

s dHPD
e SEINTTASO

s GEX/SEWWERY AL

s AMRAAL

= 094 VE-ANS/INS
= JHS

s I TS

s NI PIY
-
Y OPIISI
e [X AN

s [N

== ) MIA-SAVIN
w1

s T

= SAT

= ASH

= 10Y)0-FT H

= g-AV-d AV

st X QN -4H

s G [ 10)EAIIROD)

— V'V D

s VLIV D

s IN1-0D-TDTI

— ]

s ([P V
e €€ ] L6
s 7.1V 1d
s €A JA
DIWH

s "] T -GH
—— V]V O-TITD
rm—JO([-T )T

m— X {[OY 11 ],

— NS

[ — T
—— OYI[-7)-d U VO
mm— 0
—— Sy .10
mm——— 172
mmm—— ] Y/-€ 6]
— Y I|-TY [V

Transcription Factors

s ——— p3YE[2.4-6 A W
P T T et
- = soud3 Jo JdqUINN

o

Kinases

S v =

& 8 £ =
S9Ud3 Jo JdquINN
' upayoad Apiwiey ENIN UHNPON
e pig Jortodsuen peyding
e z-19)10dsueay asorng
wapiodsued], urjoIg
w uppjoad driodyue Xnjyd WNISE)oq
= | 1oyeppoey Japiodsuey eydsoyd
= VINVLILSO
= op LAAA\SWZ dZ1EW JO 30100310
' 7 J9y10dsue.n) winissejoq
w 1pyi0dsue.ny wnisauew MI-VI0D)
w £ Jpiodsueny pddo)
w HOD Sojowoy duosadeyd aaddo)
e ¢ J9)t0dsSURL] WnjuowWuy
= Apwe g Aemiped 410321998 11 9dAL
w Aqwey Sundfivy Uiy UMy,
= Z-PUURYD) UOHED) JANIIIS-UON
w Krugy-dng aseddipg apLieydIEsijog
m dwrean:a9)10dsuea LU0y [BRIN
= [QuuEy)) O] PAES-NEWEN)
s Kqrue g a0310dsurA], Uo| BRI V40D
= {1 ,{ 10)EN[IE{ UOISRIIQ uoBE)
= (e 10)0dpuy Uone):+78)
Apuey 1ori0dwiss +EN:PRY g
ey (VVV) 10dnuy 4av:d.Ly
= J{UNQNS ISEIO[SULL) [ELIPUOYION N
s 119)0.d 3suodsas Area-pasepq
g yi[-19)10dsuray pre outwy
o we | 719)10dwAS uonE):ISEqodRNN
s e, Ja)s0dsue] dunss) 1EwososA]
wom e 49310dXF PRV dpEWOIY
ey UONEIOUESIQ-IUIWEA0d-VY
s A[IUIE ] 9SEAULID UIXNY/PIY oUWy
ms g dng Puuey) uoy Ppares-a3e) oA
o {uey1adng ased Ly 2d8-g
m (e A9)10dsue., opndadosio
—SEIO[SUEL ], UD)0A] [BLIPUOYIOIA
" JSRYIUAS J LV 1B[ONIBA
s ]| A9)10dsue.L) 9)eNIN
(e | u)01g dAsuLnu] Jofe iy
s 3sgyeydsoydoasy Supedosuen+H
o ([IWE ] uIxouuy
s ugp)0.d uriodenby
m— {[[wgysadns 9)0dsuen DGV
mm—-dng 19)10dsueL], ajoqeR/Anaa
—y-dnG 35T LV BULI0SULH-+EN/+H
—_C ey jadng 10)eN[pE J0le N

e ———
e e Awe g () J91LIED) [BLIPUOYIONI

~ Huds jo taquiny

Transporters

&
-





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1135675-g003.jpg
A

B

Sample dendrogram and trait heatmap

Height

Treatment
Tissue

Growing
time

Height

w w - —
= n = n

N
n

e
= n S

.Minus log P of module membership Vs. gene sig
5
>

'
n

Dynamic tree yut

—

0
5
13
5

[
s
R
§
%

o
~ N
& ¥
§ 8
I
&

§
=

3
S
5

d 4

&
§
&

}

&
Sy
$

Gene dendrogram and module colors

ICa cium-mediated signaling

Y
]
x®
-
=
=
Z
=
£
&
@
2
@
<9
e
£
a
=
e
@
=
<
=
-
Z
L2
=
«
<
&}
—~
f)
é

Scale free topology model fit, signed R*2

e
P

e
s
1
IS

e
&

Scale independence

&2
10121415‘
9

r 2

6

5

2
d

L .
5 5
Soft thres]hooldl :pggver

trograde transport

process

romatic a.a. biosynthetic

novo' GDP-L-fucose biosynthetic process

Ureide catabolic process

s Number of genes

1200

1000—

Mean connectivity

rmation of translation initiation complex

800 -

600 |

0.0 -

Mean connectivity

q'214151a

5 5
Soft thres]hﬂold1 :pggver

C

MEbrown
MEgreen
MEDblack

MEturquoise

MEpurple

MEsalmon

MEred

MEyellow

MEmagenta
MEblue

MEcyan
MEtan
MEgreenyellow
MEpink
MEgrey

k) ko)

aom o aa

T\'eam“"“\ T\Ss“e %““\e

cro™

Network heatmap plot

Wm%%

erobic respiration

Minus log P

Translation

9200

800

700

600

Tri carboxylic acid cycle

400

300

200

100

1000

Jmpow 0) urepadd sauIB Jo JdqUINN

Module-trait relationship





OEBPS/Images/fpls-14-1135675-g007.jpg
Nitrogen treatment/influx

Promote G-quadraplex formation

Gene ontology driven
processes

Carbohydrate met
Signaling
G-quardaplex . . Water depravation
sequences in Positive assocnatfon Nitrogen transport

promoter of gene expression Respiration

Leads to NUE adaptaion

G-quardaplex .
epigenetically

sequences in
gene body

Negative association
of gene expression

Pointing these genes may be
regulated genetically as well
as epigenetically

N-responsive genes having G4 sequences






OEBPS/Images/fpls-14-1135675-g002.jpg
Column Z-5core  (yene Ontology Terms

-4-2 0 2 4

GO:0006412
G0O:0002181
GO:0009651
G0O:0000028
GO:0009414
G0O:0008652
G0O:0009409
G0O:0006099
GO:0015991
GO:0018105
GO:0009768
GO0O:0000381
G0O:0045292
GO:0018107
GO:0009765
G0O:0009060
GO:0000027
GO:0006886
GO:0006457
G0O:0034599

Translation

Cytoplasmic Translation

Response To Salt Stress

Ribosomal Small Subunit Assembly
Response To Water Deprivation
Cellular A.A Biosynthetic Process
Response To Cold

Tricarboxylic Acid Cycle

ATP Hydrolysis Coup. Pro.Tranp
Peptidyl-Serine Phosphorylation
Photosynthesis, Light Harv. Photo.l
Regulation Of Alt. mRNA Splicing
mRNA Cis Splicing, Via Spliceosome
Peptidyl-Threonine Phosphorylation
Photosynthesis, Light Harvesting
Aerobic Respiration

Ribosomal Large Subunit Assembly
Intracellular Protein Transport

Protein Folding
Cellular Response To Oxidative-

Stress





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1135675-g004.jpg
Complete network Hub genes

mapped onto cytoscape, found dense cluster using plugin
MCODE and calling them as HUB genes

Interactors of these 10 genes were searched among them,






OEBPS/Images/fpls.2023.1135675_cover.jpg
& frontiers | Frontiers in Plant Science

Weighted gene co-expression network
analysis of nitrogen (N)-responsive genes
and the putative role of G-quadruplexes in N
use efficiency (NUE) in rice





