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Introduction

Nitrogen is a critical nutrient essential for the growth and
development of crop plants [1], playing a fundamental role in various
metabolic processes, including photosynthesis, protein synthesis,
and nucleic acid metabolism. However, the ine cient utilization of
nitrogen inputs in agriculture poses signi cant challenges, such as
environmental pollution, depletion of natural resources, and economic
losses. With the world's population projected to reach 9 billion by
2050, ensuring sustainable agricultural practices to meet the growing
demand for food while minimizing environmental impact has become
a global imperative. Enhancing crop plants' nitrogen use e ciency
(NUE)0.0 9;gtets [aprojmisng sutatiegyto madd;gtsthe e ehallenges,
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of gene expression levels to validate transcriptomic data and assess
gene regulation under speci ¢ nitrogen regimes. Gene cloning and
transformation cloning of candidate genes into expression vectors
followed by plant transformation to investigate gene function
through overexpression or knockdown approaches. Phenotypic
characterization comprehensive phenotyping of transgenic plants to
evaluate alterations in nitrogen uptake, assimilation, remobilization,
and overall NUE performance.

Metabolic pro ling metabolomic analysis to elucidate metabolic
changes associated with genetic modi cations and nitrogen
treatments. Statistical methods such as ANOVA, regression analysis,
and correlation analysis to assess the signi cance of genotype-by-
environment interactions and identify key genetic determinants
of NUE. Bioinformatics computational analysis of genomic and
transcriptomic data using bioinformatics tools and databases to
annotate genes, predict regulatory networks, and identify candidate
genes for further investigation. Marker development identi cation and
validation of molecular markers linked to NUE-related quantitative
trait loci (QTLs) through genetic mapping and association analysis.

Marker-assisted selection utilization of molecular markers for
marker-assisted breeding to introgress favorable alleles associated with
high NUE into elite crop germplasm [6]. Genomic selection integration
of genomic information from high-throughput genotyping and
phenotyping to predict breeding values for NUE traits and facilitate
genomic-based selection of superior genotypes. Data management
comprehensive documentation and management of experimental data
using specialized so ware and databases to facilitate data analysis,
interpretation, and dissemination. Ethical considerations adherence to
ethical guidelines and regulatory protocols governing plant research,
including obtaining necessary permits for conducting experiments
involving genetically modi ed organisms (GMOs) and ensuring
compliance with biosafety regulations.

Results and Discussion

Genetic variability in NUE traits our study revealed substantial
genetic variability among the selected crop genotypes for various
NUE traits, including nitrogen uptake e ciency, nitrogen utilization
e ciency, and nitrogen remobilization e ciency.

Identi cation of candidate genes genome-wide association studies
(GWAS) and transcriptomic analyses identi ed several candidate genes
associated with NUE, including nitrate transporters (NRT1, NRT2),
ammonium transporters (AMT1, AMT2), nitrate reductase (NR)
[7], glutamine synthetase (GS), glutamate synthase (GOGAT), and
nitrogen remobilization enzymes (NREs). Functional characterization
of candidate genes functional validation through gene editing and
transgenic approaches demonstrated the pivotal roles of candidate
genes in modulating NUE. Overexpression of NRT1 and NRT2 genes
signi cantly enhanced nitrogen uptake e ciency, while silencing
of nitrate reductase genes resulted in reduced nitrogen assimilation
rates. Metabolic pro ling metabolomic analysis revealed alterations
in nitrogen metabolism pathways in transgenic lines compared to
wild-type plants, indicating the regulatory roles of candidate genes
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