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ABSTRACT 

	Nitrogen use efficiency (NUE) is a central determinant of sustainable crop production, yet its improvement remains constrained by the complex integration of nitrogen uptake, assimilation, transport, remobilization, and signalling with plant growth and development. This review provides a comprehensive synthesis of the molecular and physiological basis of NUE in cereal systems, with particular emphasis on the coordination between nitrogen metabolism and yield formation.
We examine key thematic areas including (i) nitrogen acquisition and assimilation pathways, (ii) long-distance transport and internal recycling mechanisms, (iii) regulatory networks governing nitrate signalling, and (iv) the genetic basis of NUE shaped by modern breeding. In this context, the legacy of the Green Revolution is critically evaluated, highlighting how semi-dwarf, fertilizer-responsive cultivars contributed to high yield potential while simultaneously reinforcing dependence on external nitrogen inputs and constraining intrinsic NUE. Recent advances in molecular biology are discussed, including chromatin-level regulation, promoter engineering, and genome-editing approaches, with a focus on their capacity to modulate nitrogen-responsive pathways without compromising productivity. Collectively, current evidence indicates that NUE cannot be substantially improved through single-gene manipulation alone, but instead requires coordinated optimization of interconnected regulatory networks controlling both nitrogen metabolism and plant development. We conclude that future progress in NUE improvement will depend on integrative strategies combining functional genomics, precise genome engineering, and field-based validation to develop high-yielding crop varieties capable of maintaining productivity under reduced nitrogen inputs.
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1. INTRODUCTION 

The Green Revolution of the 1960s marked a transformative phase in global agriculture, driven by the deployment of semi-dwarf, lodging-resistant, and high-yielding rice and wheat varieties that substantially increased food production across developing regions (Khush, 2001; Evenson and Gollin, 2003; Hedden, 2003). These gains were facilitated by technological innovations and policy support, with crop varieties exhibiting strong responsiveness to nitrogen fertilization, ultimately contributing to an approximately threefold increase in global cereal production despite limited expansion of cultivated land (Pingali, 2012). Under optimal conditions, these varieties achieved two- to three-fold higher yields than traditional cultivars (Dalrymple, 1975).
However, this productivity was not achieved without trade-offs. The semi-dwarf phenotype—primarily resulting from altered gibberellin biosynthesis or signalling—enhanced harvest index and reduced lodging (Hedden, 2003), but it also coincided with a physiological shift toward greater dependence on external nitrogen inputs. This suggests that the genetic architecture underpinning yield improvement may have inadvertently selected against traits associated with efficient nitrogen acquisition and internal recycling. In this context, the Green Revolution can be viewed not only as a success in yield enhancement but also as a turning point that entrenched input-intensive agricultural systems with inherently low nitrogen use efficiency (NUE).
This reliance on synthetic nitrogen fertilizers has led to profound environmental and economic consequences. Globally, cereal crops recover only 30–50% of applied nitrogen, with the remainder lost through volatilization, leaching, and runoff (Raun and Johnson, 1999; Ladha et al., 2005). Such inefficiency has made agriculture a dominant source of reactive nitrogen in the biosphere, driving eutrophication of aquatic systems and the formation of hypoxic “dead zones” (Tilman et al., 2002). In parallel, agricultural soils represent the largest anthropogenic source of nitrous oxide (N₂O), a greenhouse gas with nearly 300-fold greater global warming potential than CO₂ (Signor and Cerri, 2013). While these environmental impacts are well documented, less attention has been given to the structural causes of low NUE embedded within modern crop genotypes, which limits the effectiveness of downstream mitigation strategies. Although improvements in fertilizer management and agronomic practices have yielded incremental gains, these approaches have not fundamentally resolved the inefficiency problem, particularly in high-yielding systems where yield stability remains tightly coupled to nitrogen supply. This limitation highlights a critical gap: agronomic optimization alone cannot overcome genetically constrained NUE. Nitrogen use efficiency is a highly complex trait involving coordinated regulation of uptake, assimilation, transport, remobilization, and signalling pathways, all of which are intricately linked with carbon metabolism and plant developmental programs (Xu et al., 2012). Modern cultivars, bred predominantly under high nitrogen conditions, are therefore poorly adapted to low-input environments, reinforcing a cycle of dependency on external inputs.
Consequently, improving NUE requires a shift from purely management-based strategies toward targeted genetic and molecular interventions. Recent advances in plant genomics and genome editing technologies provide unprecedented opportunities to dissect and manipulate the regulatory networks governing nitrogen metabolism (Chen et al., 2020). However, a major challenge remains in balancing enhanced nitrogen efficiency with the maintenance of high yield potential, as these traits are often governed by interconnected and sometimes antagonistic pathways. Addressing this challenge will require integrative approaches that combine molecular breeding, systems biology, and field-level validation to develop crop varieties capable of sustaining productivity under reduced nitrogen inputs.
A systematic literature search was conducted to comprehensively identify relevant studies for this review. Major academic databases, including Scopus, Web of Science, and PubMed, were queried using a structured combination of keywords and Boolean operators. To ensure the quality and relevance of the selected literature, predefined inclusion criteria were applied. 

2. GREEN REVOLUTION AND YIELD BREAKTHROUGH
2.1 DEVELOPMENT OF SEMI-DWARF VARIETIES
The development of semi-dwarf rice and wheat varieties that catalyzed the Green Revolution emerged from strategic breeding efforts aimed at overcoming the lodging problem that limited the yield potential of traditional tall cultivars under high nitrogen fertilization (Hedden, 2003; Khush, 2001). In rice, this breakthrough was achieved through the incorporation of the recessive semi-dwarf gene sd1, derived from the Chinese cultivar Dee-geo-woo-gen, into improved breeding lines. The International Rice Research Institute released IR8 in 1966, a variety that combined the sd1 gene with the high-yielding Indonesian cultivar Peta, resulting in a semi-dwarf, fertilizer-responsive plant type often referred to as “miracle rice” (Khush, 2001; Hedden, 2003; Dalrymple,1978). This variety demonstrated the capacity to produce grain yields upto 10 tons per hectare under optimal conditions-nearly double that of traditional varieties without succumbing to lodging even under heavy nitrogen application. 
 Parallel to rice breeding success, semi-dwarf wheat varieties revolutionized cereal production through the work of Norman Borlaug at the International Maize and Wheat Improvement Center (CIMMYT). The key breakthrough came from incorporating the reduced-height (Rht) genes originally identified in the Japanese cultivar Norin 10 into high-yielding Mexican breeding lines (Liu et al., 2022). These Rht-B1b and Rht-D1b alleles are semidominant, providing additive height control that enabled fertilizer-responsive yield gains without lodging (Liu et al., 2022). The harvest index, which is the ratio of grain weight to total above-ground biomass, increased from approximately 0.3-0.4 in traditional tall varieties to 0.5 or higher in semi-dwarf varieties (Sakamoto & Matsuoka, 2004). This increase indicated that a greater proportion of the plant's photosynthetic products were allocated to grain production rather than vegetative growth. Consequently, higher grain yields were achieved without requiring proportional increases in total biomass production (Hedden, 2003). 
2.2 MOLECULAR MECHANISM OF DWARFING GENE IN RICE
The molecular basis of semi-dwarfism in rice has been extensively characterized, with the sd1 (semi-dwarf1) gene representing the most widely utilized dwarfing gene in Green Revolution rice breeding. The SD1 locus encodes gibberellin 20-oxidase-2 (GA20ox-2 or OsGA20ox2), a key catalytic enzyme in the gibberellin biosynthesis pathway, which regulates stem elongation and plant height through the production of bioactive gibberellins (Sasaki et al., 2002; Spielmeyer et al., 2002). Gibberellins are phytohormones essential for normal height development, and alterations in their biosynthesis form the molecular basis of semi-dwarfism in rice.
GA20ox2 catalyzes the conversion of GA53 to GA20 via the intermediate compounds GA44 and GA19 in the 13-hydroxylation pathway, ultimately leading to the formation of the bioactive gibberellins GA1 and GA3 (Spielmeyer et al., 2002). In indica rice varieties, including the DGWG germplasm used to develop IR8, the sd1 allele contains a 383-bp deletion spanning regions between exon 1 and exon 2, resulting in a frameshift mutation that introduces a premature stop codon and produces a nonfunctional GA20ox-2 enzyme .  This loss-of-function mutation causes a deficiency of bioactive gibberellins in plant tissues, leading to reduced growth and shorter culms that confer lodging resistance and higher harvest indices.(Sasaki et al., 2002; Monna et al., 2002). In contrast, japonica semi-dwarf varieties possess different sd1 alleles involving single nucleotide substitutions that cause amino acid changes in varieties such as Jikkoku, Calrose76, and Reimei (Sasaki et al., 2002; Ashikari et al., 2002). Despite the different molecular lesions, all sd1 alleles result in reduced GA20ox activity. The semi-dwarf phenotype, rather than extreme dwarfism, is explained by functional redundancy among GA20ox family members, as rice contains multiple GA20ox genes including OsGA20ox1, OsGA20ox3, and OsGA20ox4, which partially compensate for the loss of OsGA20ox2 function (Oikawa et al., 2004).
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2.3 GIBBERELLIN SIGNALLING AND DEGRADATION
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Central to gibberellin signal transduction are DELLA proteins, which function as master growth repressors in the gibberellin signalling pathway and belong to a subgroup of the GRAS family of plant-specific transcription factors (Xue et al., 2019).Gibberellins regulate plant growth and development by modulating the activity of DELLA proteins, which function as transcriptional repressors (Davière and Achard, 2016).DELLA proteins possess a distinctive structural organization consisting of an N-terminal region with DELLA and VHYNP domains required for interaction with the gibberellin receptor GID1, and a C-terminal GRAS domain responsible for repressing gibberellin responses (Xue et al., 2019).  Rice contains one DELLA protein designated SLENDER RICE1 (SLR1), while other plant species such as Arabidopsis possess multiple DELLA family members (Ikeda et al., 2001). 
When bioactive gibberellins bind to the soluble GA receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), it induces a conformational change that enhances the interaction between GID1 and DELLA proteins. The formation of the GA–GID1–DELLA complex facilitates the recognition of DELLA proteins by the SCF (SKP1–Cullin–F-box) E3 ubiquitin ligase complex, specifically via the F-box proteins SLEEPY1 (SLY1) in Arabidopsis or GID2 in rice. This interaction leads to polyubiquitination of DELLA proteins, marking them for degradation by the 26S proteasome (Xue et al., 2019).  
The degradation of DELLA proteins lifts the repression of GA-responsive genes, allowing for processes such as stem elongation, seed germination, and overall plant growth. However, in  the absence of GA, DELLA proteins accumulate and repress the transcription of GA -dependent genes, resulting in dwarfism, as seen in plants with mutations in GA biosynthesis genes like sd1 (Davière and Achard, 2016).

2.4 MOLECULAR MECHANISM OF DWARFING GENE IN WHEAT
The dwarfing genes that revolutionized wheat production, Rht-B1b (formerly Rht1) and Rht-D1b (formerly Rht2), operate through a molecular mechanism fundamentally different from that of the rice sd1 gene. Unlike sd1, which reduces gibberellin (GA) biosynthesis, these wheat alleles confer gibberellin insensitivity and represent gain-of-function mutations in genes encoding DELLA proteins, which are central negative regulators of GA signalling (Peng et al., 1999; Sasaki et al., 2002). 
Both Rht-B1b and Rht-D1b carry single nucleotide substitutions that introduce premature stop codons within the N-terminal coding region of the DELLA protein. Specifically, the mutation converts codon 64 in Rht-B1 and codon 61 in Rht-D1 into premature stop codons, resulting in proteins that lack part of the conserved N-terminal DELLA region required for normal GA-dependent destabilization (Peng et al., 1999; Pearce et al., 2011). 
Although early studies proposed that these alleles act through translational reinitiation downstream of the premature stop codon, this mechanism has now been experimentally demonstrated. Van De Velde et al. (2021) showed that Rht-B1b and Rht-D1b produce N-terminally truncated DELLA proteins through translational reinitiation, and that these truncated proteins are resistant to GA-mediated degradation. 
In wild-type plants, GA perception by the GID1 receptor promotes DELLA recruitment to the ubiquitin–proteasome pathway, leading to DELLA degradation and release of GA-responsive growth. In contrast, the truncated RHT proteins produced by Rht-B1b and Rht-D1b have impaired participation in this degradation pathway, remain stabilized, and continue to repress stem elongation, thereby producing the characteristic semi-dwarf phenotype of Green Revolution wheat (Pearce et al., 2011; Van De Velde et al., 2021; Pearce, 2021). 
The semi-dwarf phenotype conferred by Rht-B1b and Rht-D1b also exhibits gene dosage effects, with different allelic combinations producing different degrees of height reduction. The presence of either Rht-B1b or Rht-D1b alone generally reduces plant height by about 15–20%, whereas the combined presence of both alleles can reduce height by about 40–50% relative to tall isogenic lines (Flintham et al., 1997; Jobson et al., 2019; Fellahi et al., 2023). 
These alleles were highly valuable in increasing lodging resistance and harvest index, and single semi-dwarfing alleles have often been associated with grain-yield advantages of around 5–10% under favourable production conditions (Hoogendoorn et al., 1990; Flintham et al., 1997; Jobson et al., 2019). However, more recent work has shown that their effects are pleiotropic rather than being restricted to stem shortening alone: Rht-B1b influences tillering, spike fertility and grain traits, while Rht-D1b can also alter root architecture and increase root–shoot ratio in modern wheat backgrounds (Xu et al., 2023; Wang et al., 2025).

2.5 TRADE-OFF BETWEEN YIELD POTENTIAL AND NUE
While DELLA accumulation effectively reduces plant height, it simultaneously inhibits nitrogen (N) metabolism. Studies comparing GRVs with wild-type tall varieties demonstrate that the sd1 and Rht alleles significantly reduce the uptake rates of both ammonium (NH4+​) and nitrate (NO3−​), the two primary inorganic nitrogen sources for crops.  Activities of pivotal N assimilation enzymes, including glutamine synthetase (GS) and nitrate reductase (NR), are also diminished in these varieties relative to tall types across diverse N regimes (Li et al.,2018; Liu et al., 2022). This results in pronounced N insensitivity, compelling GRVs to rely on elevated fertilizer applications to achieve comparable growth and productivity (Li et al.,2018; Wang, Yoshida and Matsuoka, 2021).
The molecular basis for the reduction of NUE in dwarfing varieties lies in the antagonistic relationship between DELLA proteins and the transcription factor GROWTH-REGULATING FACTOR 4 (GRF4) (Liu et al., 2022; Wang, Yoshida and Matsuoka, 2021). GRF4 is a positive regulator that integrates nitrogen assimilation, carbon fixation, and plant growth. It promotes these processes by binding to the promoters of N-metabolism genes (e.g., AMT1.1, GS1.2) and activating their transcription (Li et al., 2018; Xue et al., 2022).In GRVs, the high abundance of DELLA proteins (SLR1 in rice, Rht-1 in wheat) physically interacts with QLQ domain of GRF4. This interaction competitively inhibits GRF4 from binding with its transcriptional co-activator, GRF-INTERACTING FACTOR 1 (GIF1). ( Li et al., 2018; Liu et al., 2022; Xue et al., 2022). This protein–protein interaction suppresses theGRF4-mediated transcriptional activation of downstream target genes involved in nitrogen uptake and assimilation. Thus, the balance between GRF4 and DELLA acts as a metabolic checkpoint: the high DELLA levels required for semi-dwarfism inherently downregulate the GRF4-mediated transcriptional program necessary for high NUE ((Li et al., 2018; Wang et al., 2021).  Therefore, the "Green Revolution" gains in harvest index came at the cost of suppressed nitrogen metabolism efficiency.
The impact of dwarfing genes extends to the epigenetic regulation of tillering, a key yield component. The transcription factor NITROGEN-MEDIATED TILLER GROWTH RESPONSE 5 (NGR5) recruits Polycomb Repressive Complex 2 (PRC2) to methylate histone H3 lysine 27 (H3K27me3), thereby repressing branching-inhibitory genes (e.g., D14, OsSPL14) and promoting tillering in response to nitrogen (Wu et al., 2020). DELLA proteins competitively interact with NGR5, preventing its degradation by the gibberellin receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1). In GRVs, the stabilization of NGR5 by high DELLA levels enables high tillering capacity; however, because NGR5 expression itself is nitrogen-dependent, the tillering potential of GRVs remains heavily reliant on abundant nitrogen fertilizers (Wu et al., 2020; Liu et al., 2022).
Recent findings indicate that DELLA-mediated repression extends to the epigenetic level. In rice, SLR1 has been shown to form a tripartite complex with PRC2 and the histone deacetylase HDA702 (Li et al., 2023). This complex maintains a repressive chromatin state, characterized by high H3K27me3 and low histone H3 lysine 9 acetylation (H3K9ac), over downstream target genes. The degradation of DELLA triggered by GA signalling (or its absence in wild-type tall varieties) leads to the dissociation of PRC2 and HDA702, resulting in increased H3K9ac and gene activation (Li et al., 2023). In GRVs, the stable accumulation of DELLA maintains this repressive chromatin environment, further entrenching the suppression of growth and metabolic genes.
3. NITROGEN USE EFFICIENCY: CONCEPT AND COMPONENTS
Nitrogen Use Efficiency (NUE) is a multifaceted and complex trait governed by an intricate network of physiological and metabolic processes, broadly quantified as the ratio of harvested output—comprising biomass, grain, or fruit—to the total nitrogen input derived from soil reserves and applied fertilizers (Li Hua et al., 2017; Masclaux-Daubresse et al., 2010; Xu et al., 2012).). In the specific context of sustainable cereal cropping, NUE is conventionally quantified as the grain yield (Gw​) produced per unit of available nitrogen (Ns​), a metric that integrates the plant's ability to capture and convert nitrogen into economic yield (Moll et al., 1982). To facilitate the genetic and physiological dissection of this aggregate phenotype, NUE is mathematically fractionated into two primary physiological components: Nitrogen Uptake Efficiency (NUpE) and Nitrogen Utilization Efficiency (NUtE). NUpE, also termed absorption efficiency, represents the plant’s capacity to acquire nitrogen from the edaphic environment and is calculated as the ratio of total nitrogen accumulated in the above-ground biomass at physiological maturity (Nt​) to the nitrogen supply (Nt​/Ns​) (Moll et al., 1982; Sandhu et al., 2021). Conversely, NUtE measures the efficiency with which this acquired nitrogen is assimilated and remobilized to produce grain, defined as the ratio of grain dry weight to the total plant nitrogen content (Gw​/Nt​) (Moll et al., 1982; Sandhu et al., 2021).
Beyond this fundamental dichotomy, researchers employ specific indices to address distinct agronomic or physiological research objectives. "Agronomic Efficiency" assesses the economic efficacy of fertilizer application, defined as the difference in grain yield between fertilized and unfertilized plots per unit of applied nitrogen (Xu et al., 2012; Good et al., 2004; Sandhu et al., 2021). "Physiological Efficiency" evaluates the biological conversion of absorbed nitrogen into yield, calculated as the yield increase per unit of increased nitrogen uptake. (Xu et al., 2012; Good et al., 2004; Sandhu et al., 2021). Additionally, "Apparent Nitrogen Recovery" estimates the efficiency of the crop in capturing applied fertilizer, reflecting the percentage of applied nitrogen that is successfully taken up by the plant (Sandhu et al., 2021; Xu et al., 2012). These efficiency phenotypes are ultimately the cumulative result of coordinated biochemical pathways, including uptake, nitrate reduction, ammonium assimilation, and the crucial remobilization of organic nitrogen from senescing tissues to developing grains (Masclaux-Daubresse et al., 2010).
4. STEPS IN NITROGEN UTILIZATION
Plant nitrogen utilization is a complex and highly regulated process encompassing several crucial steps: uptake, assimilation, translocation, vacuolar storage and remobilization. Understanding these molecular mechanisms is vital for improving Nitrogen Use Efficiency (NUE) in crops, a critical goal for sustainable agriculture.

4.1 NITROGEN UPTAKE
In agricultural and natural ecosystems, soil nitrogen (N) availability is highly dynamic because it is shaped by fluctuating environmental conditions and microbial activity. To cope with this variability, plants rely on a diverse set of plasma membrane transport proteins to acquire both inorganic N forms, mainly nitrate (NO₃⁻) and ammonium (NH₄⁺), as well as organic N sources such as urea and amino acids (Masclaux-Daubresse et al., 2010; Wang et al., 2014; Muratore et al., 2021). The relative contribution of nitrate and ammonium to plant nutrition depends strongly on habitat characteristics such as soil aeration, pH, and water status; thus, plants growing in well-aerated soils generally rely more on nitrate, whereas species adapted to flooded systems, such as rice, are well suited to ammonium utilization (Masclaux-Daubresse et al., 2010; Liu et al., 2015; Muratore et al., 2021). 
To cope with external nitrogen concentrations that range from micromolar to millimolar levels, roots operate kinetically distinct high-affinity and low-affinity transport systems, designated HATS and LATS, respectively. In model descriptions of nitrate uptake, constitutive and inducible HATS function predominantly at low external nitrate concentrations in the micromolar range, whereas LATS becomes more evident at higher concentrations, generally above a few hundred micromolar. HATS shows saturable kinetics suited for scavenging scarce nitrate, while LATS provides higher-capacity uptake when nitrate is relatively abundant (Dechorgnat et al., 2011; Nacry, Bouguyon and Gojon, 2013; Xu et al., 2024). 
The molecular basis of root nitrate uptake depends mainly on members of the NPF (formerly NRT1/PTR) and NRT2 families, while transporters of the CLC and SLAC/SLAH families contribute primarily to intracellular nitrate storage and anion efflux rather than direct uptake across the root plasma membrane (Li et al., 2017; Krapp et al., 2014; Muratore et al., 2021). Within the NPF family, NRT1.1/NPF6.3 is the best-characterized root nitrate transceptor and plays a central role in both nitrate uptake and nitrate signalling. Its dual-affinity behaviour is regulated by CIPK23-mediated phosphorylation of Thr101: phosphorylation favours the high-affinity state under low nitrate supply, whereas dephosphorylation is associated with low-affinity transport under nitrate-replete conditions (Fang et al., 2021). High-affinity nitrate uptake, in contrast, depends predominantly on NRT2 transporters, especially NRT2.1 and NRT2.2, whose activity requires the partner protein NAR2.1/NRT3.1, while NRT2.4 and NRT2.5 become particularly important during severe or prolonged nitrogen starvation (Yong et al., 2010; Krapp et al., 2014; Xu et al., 2024). 
Ammonium uptake is mediated mainly by members of the AMT/MEP/Rh superfamily, with AMT1-type transporters making major contributions to high-affinity NH₄⁺ uptake in roots (Nacry et al., 2013; Muratore et al., 2021). In Arabidopsis, AMT1;1 and AMT1;3 are prominent in outer root cell layers, whereas AMT1;2 contributes to ammonium retrieval from the root apoplast in inner tissues (Muratore et al., 2021). Because excess ammonium is toxic, AMT1 activity is tightly regulated at the post-translational level. In particular, CIPK23-dependent phosphorylation of a conserved threonine residue in the AMT1 C-terminus promotes allosteric trans-inactivation of the trimeric complex, thereby restricting excessive ammonium influx and helping to prevent ammonium toxicity (Ganz et al., 2022). 
In addition to inorganic nitrogen, plants can also exploit organic nitrogen pools. High-affinity urea uptake is mediated primarily by DUR3, a proton-coupled transporter that is induced under nitrogen limitation, while low-affinity urea movement may additionally involve certain aquaporins, particularly members of the NIP subfamily (Muratore et al., 2021; An et al., 2025). Amino acid uptake is mediated by transporters such as LHT1 and members of the AAP family; LHT-type transporters generally function as high-affinity systems and contribute to root amino acid acquisition, highlighting the metabolic flexibility of plants under heterogeneous nitrogen supply (Hirner et al., 2006; Liu et al., 2024). 

4.2 NITROGEN ASSIMILATION
Following the uptake of inorganic nitrogen from the soil, the plant must integrate these molecules into organic structures such as amino acids to support its growth and metabolic functions. Nitrogen assimilation primarily requires the sequential reduction of nitrate (NO3−​) to ammonium (NH4+​), followed by the assimilation of ammonium into amino acids. This highly coordinated process is driven by several key enzymes and is inextricably linked to the plant's carbon metabolism, which supplies the necessary energy and carbon skeletons (Masclaux-Daubresse et al., 2010; Ali, 2020).
The first step of nitrate assimilation occurs in the cytosol, where nitrate is reduced to nitrite (NO₂⁻) by the enzyme nitrate reductase (NR). This enzyme represents a key regulatory point in the nitrogen assimilation pathway and is often considered a rate-limiting step (Ali, 2020). NR requires cofactors such as flavin adenine dinucleotide, haem, and a molybdenum cofactor to facilitate electron transfer, typically using NADH or NADPH as electron donors (Kishorekumar et al., 2019; Ali, 2020). Because nitrite is highly reactive and potentially toxic, it is rapidly transported into plastids in roots or chloroplasts in leaves, where it undergoes further reduction to ammonium by nitrite reductase (NiR). This reaction relies on reduced ferredoxin generated through photosynthetic electron transport in green tissues or through alternative metabolic pathways in non-photosynthetic tissues (Masclaux-Daubresse et al., 2010; Yoneyama & Suzuki, 2020).
Foundational biochemical research by Lea and Miflin established that the exclusive primary route for the incorporation of ammonium into carbon skeletons is the glutamine synthetase/glutamate synthase (GS/GOGAT) cycle (Lea and Miflin., 2003; Masclaux-Daubresse et al., 2010). This cycle facilitates the assimilation of both primary ammonium, originating from nitrate reduction or direct uptake, and secondary ammonium released during photorespiration and protein degradation (Kishorekumar et al., 2019; Bernard and Habash., 2009).
In this pathway, glutamine synthetase catalyzes the ATP-dependent incorporation of ammonium into glutamate to form glutamine. Plants have evolved two major GS isoforms to compartmentalize this metabolism: plastidic GS2 and cytosolic GS1 (Masclaux-Daubresse et al., 2010; Li et al., 2017).  GS2 is predominantly localized in the leaf mesophyll and functions primarily in assimilating nitrate-derived ammonium and reassimilating the massive quantities of ammonium released during photorespiration. (Thomsen et al., 2014; Li et al., 2017; Xu et al., 2012). Conversely, GS1 is encoded by a small multigene family and plays pivotal roles in the roots for primary ammonium assimilation, and in the vascular tissues of leaves and stems for remobilizing nitrogen during senescence to support grain filling (Thomsen et al., 2014; Masclaux-Daubresse et al., 2010; Bernard and Habash, 2009; Li et al., 2017)
Working in tandem with GS, GOGAT transfers the amide group of glutamine to 2-oxoglutarate, producing two molecules of glutamate (Masclaux-Daubresse et al., 2010; Bernard and Habash, 2009; Kishorekumar et al., 2019). GOGAT exists in two distinct forms based on electron donor specificity: Fd-GOGAT and NADH-GOGAT. Fd-GOGAT is mainly found in the chloroplasts of photosynthetic tissues, where it partners with GS2 in photorespiratory nitrogen cycling and primary assimilation. NADH-GOGAT is localized primarily in the plastids of non-photosynthetic tissues, such as roots, where it plays a crucial role in primary ammonium assimilation and providing glutamate for transport through the vascular system (Masclaux-Daubresse et al., 2010; Kishorekumar et al., 2019; Li et al., 2017).
In addition to the GS/GOGAT cycle, other enzymes contribute to nitrogen metabolism by facilitating nitrogen transport and recycling. Asparagine synthetase plays an important role in producing asparagine, a stable amino acid that functions as a major nitrogen transport and storage compound in plants (Lebedev et al., 2021; Liu et al., 2022). Similarly, glutamate dehydrogenase may participate in nitrogen recycling by catalyzing reversible reactions between glutamate and ammonium, particularly under stress conditions (Masclaux-Daubresse et al., 2010; Dellero, 2020). 
The assimilation of nitrogen is highly energy-dependent and intrinsically linked to plant carbon metabolism. Enzymes like NR, NiR, GS, and GOGAT depend on a continuous flow of chemical energy (ATP), reducing power (NADH, reduced ferredoxin), and carbon backbones (such as 2-oxoglutarate) that are generated through photosynthesis and cellular respiration. Consequently, any molecular strategy aimed at improving nitrogen use efficiency (NUE) must carefully balance the crosstalk between the carbon and nitrogen metabolic networks (Masclaux-Daubresse et al., 2010; Ali, 2020).

4.3 NITROGEN TRANSPORT AND DISTRIBUTION
Following nitrogen assimilation, the distribution of nitrogen throughout the plant is mediated by a highly regulated long-distance transport system involving both xylem and phloem pathways, which ensures optimal allocation according to developmental and metabolic demands. Nitrate (NO₃⁻), the predominant transported inorganic nitrogen form, is first loaded into the xylem in roots via specialized transporters localized in pericycle and xylem parenchyma cells. Among these, NRT1.5 (NPF7.3) plays a central role in mediating nitrate efflux into the xylem sap, as evidenced by mutant studies showing significantly reduced root-to-shoot nitrate transport and lower nitrate concentrations in xylem sap in nrt1.5 lines (Lin et al., 2008; Wang et al., 2012). In addition to xylem loading, nitrate distribution is dynamically regulated by transporters such as NRT1.8, which retrieves nitrate from the xylem to modulate root–shoot partitioning under stress conditions, indicating that bidirectional nitrate flux is essential for maintaining ionic balance and adaptive responses (Li et al., 2010). Once translocated to the shoot, nitrate can either be assimilated or stored in vacuoles through tonoplast-localized transporters such as CLCa, enabling plants to buffer fluctuations in nitrogen availability (De Angeli et al., 2006).
At the shoot level, efficient redistribution of nitrate is achieved through xylem-to-phloem transfer, which is crucial for supplying nitrogen to developing sink tissues. Transporters such as NRT1.11 and NRT1.12, expressed in companion cells of major veins, facilitate the transfer of xylem-derived nitrate into the phloem for delivery to young leaves; loss-of-function mutants show impaired allocation to growing tissues and reduced growth under high nitrate conditions (Hsu and Tsay, 2013; Wang et al., 2012). Importantly, although nitrate can be transported via both xylem and phloem, organic nitrogen primarily in the form of amino acids constitutes the dominant nitrogen species in phloem sap, often occurring at concentrations substantially higher than inorganic nitrogen, thereby playing a central role in source–sink nitrogen allocation (Tegeder and Rentsch, 2010).
Collectively, these findings demonstrate that nitrogen transport and distribution involve a coordinated network of transporter-mediated processes that regulate nitrate loading, unloading, storage, and redistribution, thereby optimizing nitrogen use efficiency under varying environmental and developmental conditions.

4.4 NITROGEN REMOBILIZATION AND RECYCLING 
Nitrogen remobilization is a crucial physiological process that enables plants to reallocate internal nitrogen reserves from source tissues (e.g., senescing leaves) to sink tissues such as young leaves, developing seeds, and reproductive organs, particularly under nitrogen-limiting conditions or during later developmental stages. The primary reservoir of remobilizable N in source leaves is the chloroplast, where photosynthetic proteins, predominantly Rubisco, are dismantled (Diaz et al., 2008; Masclaux-Daubresse et al., 2010). This highly coordinated proteolysis relies on senescence-associated vacuoles (SAVs), Rubisco-containing bodies (RCBs), and the macro-autophagy machinery (Havé et al., 2017). Autophagy genes (e.g., ATG5, ATG9, and ATG18) are essential for directing chloroplast components to lytic vacuoles for degradation; plants lacking these genes exhibit severe defects in N remobilization efficiency and seed production (Guiboileau et al., 2012). Senescence-induced proteases, such as the chloroplastic aspartic protease CND41 and the vacuolar cysteine protease SAG12, actively break down these sequestered proteins into free amino acids (Diaz et al., 2008; Havé et al., 2017).
Following structural degradation, the released amino acids undergo metabolic interconversion into easily transportable forms, mainly glutamine and asparagine (Havé et al., 2017). This shift is characterized by the down-regulation of primary assimilation enzymes (like nitrate reductase and chloroplastic GS2) and the marked up-regulation of cytosolic glutamine synthetase (GS1) and glutamate dehydrogenase (GDH) in senescing leaves (Diaz et al., 2008; Masclaux-Daubresse et al., 2010).
To reach reproductive sinks, these amino acids are exported from mesophyll cells and loaded into the phloem via specialized transport proteins. Amino acid permeases (AAPs), notably AAP8, and Usually Multiple Acids Move In and Out Transporters (UmamiTs) play critical roles in phloem loading and source-to-sink amino acid partitioning (Havé et al., 2017; Tegeder and Masclaux-Daubresse, 2018). Alongside organic N, stored inorganic nitrate is also recycled from source leaves. The low-affinity nitrate transporter NRT1.7 (NPF2.13) facilitates phloem loading of remobilized nitrate (Wang, Hsu & Tsay, 2012; Wang et al., 2018), while the high-affinity transporter NRT2.5 complements this function during severe N starvation (Lezhneva et al., 2014).
Molecular tweaking of these remobilization pathways offers viable strategies to overcome the yield-protein dilemma in sustainable agriculture. For example, overexpressing cytosolic GS1 or specific AAPs has been shown to increase seed protein content and overall yield (Masclaux-Daubresse et al., 2010; Tegeder & Masclaux-Daubresse, 2018). Furthermore, replacing native NRT1.7 with a hyperactive chimeric nitrate transporter (NC4N) driven by the NRT1.7 promoter dramatically energizes source-to-sink nitrate recycling. This specific manipulation increases nitrate allocation to sink leaves and seeds, resulting in enhanced vegetative growth and significantly higher seed yields without the need for excess N fertilizers (Chen et al., 2020).
Overall, nitrogen remobilization and recycling represent a highly efficient internal nutrient management strategy that integrates senescence, transporter activity, and metabolic regulation to ensure sustained growth and reproductive success, making it a key determinant of nitrogen use efficiency and a major target for molecular improvement in crops.
5. NITROGEN SENSING AND SIGNALLING NETWORKS
Nitrate (NO₃⁻) functions not only as a nutrient but also as a pivotal signalling molecule that regulates gene expression, metabolism, and plant development through the primary nitrate response (PNR) (O’Brien et al., 2016). Membrane-associated nitrate sensing is centred on NRT1.1 (NPF6.3), a dual-affinity transporter that acts as a transceptor, thereby integrating nitrate transport with signal transduction. Its activity is regulated by phosphorylation at the conserved Thr101 residue through the CBL1/9–CIPK23 complex, enabling the switch between high-affinity and low-affinity transport modes according to external nitrate availability (Liu and Tsay, 2003; Ho et al., 2009). Beyond its transport function, NRT1.1 initiates rapid transcriptional reprogramming in response to nitrate and links external nitrogen availability with internal metabolic adjustment. However, current evidence indicates that nitrate perception is not restricted to NRT1.1 alone, because NLP7 has also been shown to bind nitrate directly and function as an intracellular nitrate sensor, refining the present view of nitrate sensing in plants (Liu et al., 2022; Ruffel et al., 2025). 
Upon nitrate supply, NRT1.1-dependent and related pathways generate characteristic cytosolic and nuclear Ca²⁺ signatures that activate calcium-sensor protein kinases, particularly subgroup III CPKs. These kinases phosphorylate NLP transcription factors such as NLP7, thereby promoting their activation and nuclear retention, where they bind nitrate-responsive cis-elements and induce genes involved in nitrate uptake, assimilation, transport, and regulatory feedback (Marchive et al., 2013; Liu et al., 2017). Recent work further shows that NLP7 does not merely activate a few early nitrate-responsive genes, but initiates a broader transcriptional cascade by transiently engaging downstream transcription-factor networks, thereby amplifying the primary nitrate response (Alvarez et al., 2020). 
In parallel, nitrate signalling is integrated with other nutrient-response pathways. In rice, the NRT1.1B–SPX4 module provides a clear example of nitrogen–phosphorus crosstalk: nitrate perception promotes NRT1.1B-dependent recruitment of the E3 ubiquitin ligase NBIP1, leading to proteasome-dependent degradation of SPX4 and release of downstream transcriptional regulators of nitrate- and phosphate-responsive genes (Hu et al., 2019). More broadly, phosphorus starvation responses also involve extensive transcriptional, metabolic and developmental reprogramming, highlighting the importance of nutrient crosstalk in plant adaptation and resource-use efficiency (Srivastava, Basu and Kumar, 2021). Nitrate signalling is also closely coordinated with carbon and energy metabolism, because nitrate assimilation requires reductant, ATP, and carbon skeletons such as 2-oxoglutarate. Recent evidence indicates that NLP family regulators, particularly NLP2 together with NLP7, help couple nitrate-responsive transcription with pathways supplying carbon skeletons and energy, thereby synchronizing nitrogen assimilation with metabolic status (Vidal and Gutiérrez, 2008; Durand et al., 2023). 
Nitrate signalling is also intricately connected with phytohormonal pathways that regulate developmental plasticity. A key interaction occurs with auxin signalling, where NRT1.1 modulates auxin transport and distribution, especially under low nitrate conditions, thereby influencing lateral root development and nitrate foraging capacity (Krouk et al., 2010). More recent work has extended this concept by showing that root nitrate sensing can be translated into auxin-guided shoot adaptive responses and that cytokinin response factors act as important downstream components of long-distance nitrate signalling (Abualia et al., 2022). In addition, nitrate availability promotes cytokinin biosynthesis in roots, and these cytokinins function as systemic signals coordinating shoot–root communication and whole-plant nitrogen status (Sakakibara et al., 2006). Recent syntheses further emphasize that auxin–cytokinin crosstalk is a major determinant of nitrate-dependent developmental plasticity, linking local nutrient sensing with organ-level growth adjustment under fluctuating nitrogen supply (Abualia et al., 2023; Delgado et al., 2024; Ruffel et al., 2025). 
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Figure 1. Nitrate sensing and signalling network in plants
Nitrate (NO₃⁻) is sensed by the dual-affinity transceptor NRT1.1 (NPF6.3), which switches between high- and low-affinity transport modes via CBL1/9–CIPK23-mediated phosphorylation. Nitrate perception triggers a PLC-dependent signalling cascade generating IP₃ and transient cytosolic Ca²⁺ signatures, which are decoded by calcium-dependent protein kinases (CPKs). These activate NIN-like proteins (NLPs), key transcription factors that regulate primary nitrate response genes involved in nitrogen uptake, assimilation, and transport. NLP activity is further modulated by SPX-domain proteins through NBIP1-mediated ubiquitination and degradation via the 26S proteasome. Additional regulation by GRF4–GIF1 and chromatin modifiers (PRC2, NGR2) fine-tunes transcriptional activation and repression, ensuring coordinated nitrogen utilization

6. STRATEGIES TO IMPROVE NITROGEN USE EFFICIENCY (NUE)
Given the inherent complexity of nitrogen use efficiency (NUE) and the limited success of standalone agronomic interventions, a diverse array of complementary strategies has been explored to enhance nitrogen acquisition and utilization in crops. These approaches extend beyond conventional fertilizer management to include genetic improvement, physiological optimization, and ecological interventions (Fageria and Baligar, 2005; Ladha et al., 2005). For instance, breeding programs have sought to exploit natural genetic variation for traits such as enhanced root architecture, delayed senescence, and improved nitrogen remobilization efficiency (Hirel et al., 2007). Similarly, ecological and system-level strategies have been explored to improve nitrogen availability and uptake under field conditions, particularly through improved nitrogen cycling and enhanced efficiency of nitrogen inputs within cropping systems (Ladha et al., 2005). While these approaches have contributed to incremental improvements, their outcomes are often constrained by strong environmental interactions and the polygenic nature of NUE (Hirel et al., 2007; Xu et al., 2012), thereby limiting their predictability and scalability across diverse agroecosystems.
In this context, molecular-level interventions have gained prominence as a more targeted and mechanistically informed strategy for NUE improvement (O’Brien et al., 2016; Wang et al., 2018). These approaches focus on the direct manipulation of genes and regulatory networks governing nitrogen uptake, transport, assimilation, and remobilization (Xu et al., 2012). Advances in functional genomics have enabled the identification of key molecular components including nitrate and ammonium transporters, transcription factors, and signalling regulators that coordinate plant responses to nitrogen availability (O’Brien et al., 2016; Wang et al., 2018). Targeted modification of such components allows precise tuning of nitrogen-related processes, often with greater specificity than achievable through conventional breeding.
Furthermore, molecular strategies provide the unique advantage of enabling spatiotemporal regulation and pathway-level optimization, which is critical given the tight integration of nitrogen metabolism with carbon assimilation, hormonal signalling, and developmental programs (Xu et al., 2012). Techniques such as genome editing, transgenic approaches, and regulatory network modulation have demonstrated the potential to enhance specific components of NUE such as uptake efficiency or internal nitrogen recycling without broadly disrupting plant growth (Chen et al., 2019; Wang et al., 2018). Importantly, these approaches also facilitate the dissection of complex traits into manageable genetic modules, thereby enabling more predictable and reproducible improvements (Chen et al., 2019).
Accordingly, the following sections focus on key molecular strategies employed in recent research to improve NUE, highlighting the specific genetic targets, underlying mechanisms, and functional outcomes associated with each approach.

6.1 NITROGEN-RESPONSIVE CHROMATIN MODULATION 
A major emerging strategy to improve nitrogen use efficiency (NUE) is epigenetic or chromatin-level regulation of nitrogen-responsive genes, rather than alteration of a single transporter or enzyme. The conceptual basis of this strategy is that nitrogen responses in plants are highly plastic and must be coordinated with development; chromatin states contribute to this coordination by modulating how readily key genes are activated or repressed in response to environmental and endogenous signals. In plants, one of the most important repressive chromatin marks is histone H3 lysine 27 trimethylation (H3K27me3), which is deposited by the Polycomb repressive complex 2 (PRC2) and is widely associated with transcriptional silencing of developmental and stress-responsive loci (Derkacheva and Hennig, 2014; Shen et al., 2021). More recent synthesis focused specifically on nitrogen biology has further emphasized that epigenetic regulation is now recognized as part of the nitrogen-response network, influencing how plants adapt their growth, architecture and nutrient responses under changing nitrogen availability (Zhang, Zhang and Xiao, 2023).
The relevance of this regulatory layer to NUE is supported by evidence that Polycomb-mediated chromatin control can also operate directly on genes involved in nitrogen acquisition. In Arabidopsis, PRC2-mediated H3K27me3 directly modulates expression of the nitrate transporter gene NRT2.1 and attenuates its very high expression under strongly inductive nitrate-limiting conditions (Bellegarde et al., 2018). This finding is important because it shows that chromatin regulation is not restricted to developmental pathways alone, but can also fine-tune the expression of core nitrogen-responsive transport genes, thereby providing an additional regulatory level through which nitrogen uptake may be coordinated with plant demand (Bellegarde et al., 2018).
A notable example of this strategy in crops is the nitrogen-responsive chromatin modulation mediated by NGR5 in rice. In this system, nitrogen availability enhances NGR5 activity, and NGR5 in turn promotes repression of branching-inhibitory genes such as D14 and OsSPL14. Mechanistically, NGR5 binds these target loci and promotes their repression through regulation of H3K27me3 modification, likely via recruitment of PRC2 through interaction with the PRC2 component LC2. Because D14 and OsSPL14 act as negative regulators of tiller outgrowth, their repression relieves constraints on branching, allowing nitrogen supply to be translated into enhanced tillering and improved plant productivity (Wu et al., 2020). Viewed as a strategy, this mechanism shows that NUE can be improved not only by increasing nitrogen uptake or assimilation per se, but also by strengthening the developmental utilization of available nitrogen through chromatin-level control of plant architecture. Its agronomic relevance is underscored by the observation that increased NGR5 activity boosts rice tillering, grain yield and NUE under reduced nitrogen fertilization, indicating that manipulation of chromatin-associated regulatory nodes can contribute directly to sustainable crop improvement (Wu et al., 2020).
Taken together, these findings indicate that nitrogen-responsive chromatin modulation represents a promising strategy to improve NUE at multiple levels. By acting both on developmental regulators that shape plant architecture and on nutrient-responsive genes involved in nitrogen acquisition, chromatin-based mechanisms can help optimize how plants perceive, acquire, allocate and utilize nitrogen. This makes epigenetic regulation an especially attractive avenue for molecular tweaking of NUE, as it expands the focus from individual metabolic genes to higher-order regulatory systems that integrate nutrient status with growth and yield formation (Bellegarde et al., 2018; Wu et al., 2020; Zhang, Zhang and Xiao, 2023).

6.2 PROMOTER ENGINEERING AND COORDINATED GENE EXPRESSION
Another important molecular strategy to improve nitrogen use efficiency (NUE) is promoter engineering, in which the expression of a target gene is optimized by altering the promoter that controls when, where and under which nutrient conditions that gene is transcribed. The rationale behind this strategy is that the benefit of an NUE-related gene often depends not only on its identity, but also on its spatial, temporal and inducible expression pattern (Xu, Fan and Miller, 2012; Fan et al., 2017). Constitutive promoters such as maize Ubi-1 can drive strong expression in many tissues, especially actively dividing cells, and are therefore useful for transgene expression (Cornejo et al., 1993). However, they do not necessarily reproduce the physiological regulation needed for efficient nutrient use. By contrast, nutrient-responsive or tissue-preferential promoters can restrict gene expression to the organs and developmental contexts in which it is most beneficial, thereby improving functional coordination and reducing undesirable ectopic effects (Xu, Fan and Miller, 2012; Fan et al., 2017). Recent reviews have further highlighted promoter engineering and promoter editing as valuable approaches for fine-tuning endogenous gene expression in crops, because they allow quantitative, spatial and condition-dependent control of trait-associated genes while helping to reduce the pleiotropic penalties often associated with indiscriminate constitutive overexpression (Villao-Uzho et al., 2023; Wu et al., 2024). This broader principle is also illustrated outside nitrogen biology: In rice, expression of WOX11 driven by the low-K-inducible OsHAK16 promoter produced beneficial root and tiller phenotypes, whereas constitutive expression driven by a ubiquitin promoter did not generate the same field-level advantage, highlighting the value of stimulus-responsive promoter choice in crop engineering (Chen et al., 2015).
This strategy is particularly relevant to nitrate uptake because many high-affinity nitrate transporters do not function effectively in isolation. Members of the NRT2 family often require a partner protein of the NAR2/NRT3 family to form a functional high-affinity uptake system (Yan et al., 2011; Fan et al., 2017). In rice, OsNAR2.1 interacts with OsNRT2.1, OsNRT2.2 and OsNRT2.3a to support nitrate uptake across different concentration ranges (Yan et al., 2011). Therefore, simply increasing the abundance of one transporter is not always sufficient; the expression pattern must also remain compatible with that of its functional partner. This point is important for promoter engineering because it shifts the focus from maximizing transcript abundance to maintaining coordinated expression within a transporter module. Such a view is consistent with the broader understanding of NUE as an integrated trait involving uptake, translocation, allocation and remobilization rather than a single-gene output (Xu, Fan and Miller, 2012; Fan et al., 2017). This systems-level interpretation is reinforced by later work showing that coordinated manipulation of nitrate-transport modules can outperform alteration of a single component in isolation. For example, co-overexpression of OsNAR2.1 and OsNRT2.3a increased biomass, nitrogen accumulation, grain yield and agronomic NUE in rice, emphasizing that functional compatibility among transporter partners is a major determinant of agronomic performance (Chen et al., 2020).
A clear example of this strategy was provided by Chen et al. (2016), who transformed rice with the open reading frame of OsNRT2.1 under the control of the OsNAR2.1 promoter in order to modify the co-expression of OsNRT2.1 and OsNAR2.1 in vivo. This design is central to the strategy because the objective was not merely to increase OsNRT2.1 expression, but to align its expression more effectively with that of its functional partner OsNAR2.1 (Chen et al., 2016). In the same study, the authors compared this construct with constitutive expression of OsNRT2.1 driven by a ubiquitin promoter and showed that promoter choice strongly influenced agronomic outcome. While both constructs increased biomass, OsNAR2.1-promoter-driven expression produced better yield and higher agronomic NUE, whereas constitutive ubiquitin-driven expression reduced ANUE despite increased biomass. The OsNAR2.1 promoter also raised OsNRT2.1 expression mainly in roots, leaf sheaths and internodes rather than broadly across all organs, consistent with the intended nitrate-responsive and tissue-restricted expression pattern (Chen et al., 2016). Thus, the advantage of the OsNAR2.1 promoter was qualitative as well as quantitative, because it not only enhanced transcript abundance but also placed expression in tissues that are physiologically important for nitrate uptake, transport and subsequent redistribution within the plant.
This advantage appears to result from a more favourable co-expression balance between OsNRT2.1 and OsNAR2.1, particularly in culms and roots, where nitrate transport and internal nitrogen movement are important for later productivity. Chen et al. (2016) suggested that constitutive overexpression disrupted the normal expression ratio between the transporter and its partner, whereas promoter-driven expression maintained a more effective coordination between them. This was associated with improved dry matter transfer and nitrogen translocation to grain in the promoter-driven expression lines, indicating that promoter engineering can enhance NUE not simply by increasing transporter abundance, but by optimizing the expression context in which that transporter functions (Chen et al., 2016). Subsequent work with pOsNAR2.1:OsNAR2.1 lines likewise supported the value of native-promoter-driven regulation, showing that this strategy can improve nitrogen uptake efficiency and grain yield while also contributing to better performance under limited water supply, thereby reinforcing the agronomic relevance of promoter-guided optimization in rice (Wang et al., 2024).

[bookmark: _Hlk225518483]6.3 GENOME EDITING STRATEGIES TO IMPROVE NUE
Among the more precise molecular approaches now available for NUE improvement, genome editing is especially significant because it permits targeted modification of native genes involved in nitrogen acquisition, utilization, and productivity-related traits (Lebedev et al., 2021; Sathee et al., 2022; Chen et al., 2024). In contrast to conventional transgenic approaches, which often rely on ectopic expression of introduced constructs, genome editing acts directly on native genomic sequences and can therefore be used to generate targeted loss-of-function, gain-of-function, or allele-modified variants within the plant’s existing regulatory framework (Mao et al., 2019; Abdallah et al., 2021). This is particularly relevant for NUE because nitrogen efficiency is a complex trait governed by multiple interconnected developmental and metabolic processes rather than by a single pathway, and recent reviews have accordingly highlighted genome editing as a promising route for identifying and manipulating key genetic determinants of nutrient acquisition and utilization in crops (Lebedev et al., 2021; Sathee et al., 2022; Chen et al., 2024).
The development of CRISPR/Cas systems has further expanded the scope of plant genome engineering by enabling efficient and site-specific mutagenesis across diverse crop species. In plants, CRISPR/Cas9 is most commonly used to introduce small insertions or deletions through non-homologous end joining, thereby generating loss-of-function alleles, although more precise sequence modifications can also be achieved depending on the editing strategy employed (Mao et al., 2019). Because many genes involved in nitrogen metabolism and signalling act within tightly regulated networks, genome editing provides an opportunity to dissect and manipulate specific regulatory nodes that influence nitrogen-responsive growth and productivity (Sathee et al., 2022).
Importantly, genome-editing approaches for NUE improvement can be broadly categorized based on their functional outcomes. One class of strategies focuses on enhancing the activity of positive regulators, for example by relieving post-transcriptional repression or modifying regulatory sequences that limit gene expression. A second class involves the removal of negative regulators, in which loss-of-function mutations eliminate endogenous constraints on nitrogen utilization, senescence, or yield formation. This functional distinction is increasingly recognized in studies of nutrient-use efficiency, where both activation of beneficial pathways and removal of inhibitory controls contribute to improved agronomic performance (Sathee et al., 2022).

6.3.1 EDITING TO RELIEVE miRNA REPRESSION
MicroRNAs (miRNAs) are small non-coding RNAs that act as post-transcriptional regulators of gene expression, and in plants many of their targets encode transcription factors involved in growth, development, and stress-responsive pathways (Rogers and Chen, 2013; Samad et al., 2017). miRNA-mediated regulation is also relevant to nutrient biology, because plant miRNAs have been implicated in the control of nitrogen uptake, utilization, and remobilization under nutrient-limiting conditions (Nguyen et al., 2015; Zuluaga and Sonnante, 2019). In most cases, plant miRNAs bind to highly complementary recognition sites in target transcripts and repress gene expression by promoting transcript cleavage, although translational inhibition can also occur (Rogers and Chen, 2013). This regulatory layer can be exploited through genome editing. Whereas many CRISPR/Cas9 applications in plants have focused on generating indel-based knockout alleles through targeted mutagenesis, editing of miRNA target sites instead aims to introduce small in-frame changes within the miRNA recognition sequence while preserving the coding capacity of the target gene. This strategy is especially attractive because it can derepress a chosen target without disrupting the miRNA itself and thereby avoids the broader pleiotropic effects that may arise when a single miRNA regulates multiple genes (Ferreira et al., 2023; Lin et al., 2021). 
As discussed earlier in this review, DELLA proteins restrain GRF4-mediated growth–metabolism coordination, thereby linking semi-dwarfism with reduced nitrogen responsiveness (Li et al., 2018). This suggests that increasing the relative abundance of GRF4 could help relieve DELLA-mediated repression. Consistent with this idea, a rare GS2/OsGRF4 allele carrying sequence variation in the miR396c recognition site was shown to elevate GS2/OsGRF4 expression and enhance grain size and grain yield in rice (Hu et al., 2015). Further work showed that increased GRF4 abundance in semi-dwarf Green Revolution backgrounds improved nitrogen use efficiency (NUE) and grain yield without altering the beneficial semi-dwarf phenotype, highlighting the importance of GRF4 dosage in coordinating nitrogen metabolism and productivity (Li et al., 2018). The central relevance of miR396 to this pathway has been reinforced by later genetic evidence showing that CRISPR/Cas9 disruption of MIR396e and MIR396f increased grain yield and biomass, with even stronger relative gains under nitrogen-deficient conditions, thereby confirming that the miR396–GRF regulatory module is closely linked to NUE-related performance in rice (Zhang et al., 2020). 
Building on this biological framework, Wang et al. (2022) designed a CRISPR/Cas9 strategy that specifically targeted the miR396 recognition site of GS2/OsGRF4 in the indica inbred line X12. Mechanistically, the objective was not to disrupt GS2/OsGRF4 function, but to generate an edited allele that remained in frame and therefore retained the basic function of the encoded OsGRF4 transcription factor while becoming less susceptible to miR396-mediated repression. The edited allele carried a 6-bp deletion together with a 1-bp substitution within the miR396-targeted sequence, resulting in only a limited amino-acid change rather than a frameshift mutation. This edited line showed a 1- to 2-fold increase in GS2 transcript abundance across tested organs, consistent with reduced post-transcriptional repression by miR396. Importantly, other CRISPR-derived GS2 lines carrying frameshift mutations showed reduced grain size, indicating that preservation of GS2/OsGRF4 function was essential for generating the beneficial phenotype. Thus, the mechanism exploited by Wang et al. (2022) was not simple gene disruption, but precise editing of a regulatory target site to convert an endogenously repressed locus into a functional gain-of-function allele. This interpretation is further supported by independent work in rice showing that CRISPR/Cas9-mediated in-frame disruption of the miR396 recognition site in OsGRF4 can relieve miR396-dependent silencing and enlarge grain size, whereas frameshift alleles compromise the beneficial phenotype because they damage gene function rather than merely releasing repression (Lin et al., 2021; Wang et al., 2022). 
Taken together, these studies show that miRNA-target-site editing represents a subtle but powerful form of gain-of-function engineering: instead of abolishing gene activity, it fine-tunes endogenous expression by weakening post-transcriptional repression while preserving the core biochemical role of the encoded protein. At the same time, subsequent work indicates that enhanced OsGRF4 activity may also involve physiological trade-offs, because the miR396-resistant OsGRF4AA allele was reported to compromise heat tolerance of developing pollen in rice. This suggests that although derepression of OsGRF4 is promising for improving grain yield and NUE, the agronomic value of such alleles should be evaluated across multiple environments and stress conditions (Mo et al., 2023).

6.3.2 KNOCKOUT OF NEGATIVE REGULATORS OF NUE
Another important genome-editing strategy for improving nitrogen use efficiency (NUE) is the knockout of negative regulators, in which loss-of-function mutations are introduced into genes whose normal activity constrains nitrogen utilization, senescence, or yield performance under nitrogen-limiting conditions. This approach differs fundamentally from gain-of-function strategies, as the objective is not to enhance the activity of a favorable regulator, but to remove endogenous repressive factors that limit agronomic efficiency. Recent studies on nutrient-use efficiency have emphasized that both positive and negative regulatory components contribute to nitrogen-responsive traits, and that targeted disruption of negative regulators represents a viable strategy for crop improvement (Sathee et al., 2022).
The rationale for this approach is well illustrated by studies on ARE1 in rice. In this system, ABC1 encodes ferredoxin-dependent glutamate synthase (Fd-GOGAT), a key enzyme of the GS–GOGAT cycle required for nitrogen assimilation, and weak abc1 mutants exhibit reduced Fd-GOGAT activity and impaired nitrogen assimilation (Wang et al., 2018; Zhang et al., 2021). ARE1 was identified as abc1 repressor1, a genetic suppressor of the weak abc1-1 mutant, and loss-of-function are1 mutations partially rescued the nitrogen-deficiency phenotype of abc1. Consistent with this relationship, are1 mutants displayed delayed senescence, improved nitrogen utilization, and increased grain yield under nitrogen-limiting conditions, establishing ARE1 as a negative regulator of nitrogen assimilation and NUE in rice (Wang et al., 2018). Further support came from studies showing that the transcription factor Ghd7 represses ARE1 expression, and favorable Ghd7–ARE1 allele combinations enhance NUE and grain yield, reinforcing the role of ARE1 as a constraint on nitrogen-responsive productivity (Wang et al., 2021).
Building on this biological framework, Zhang et al. (2021) extended the strategy to wheat by targeting the ARE1 ortholog using CRISPR/Cas9. Because bread wheat is hexaploid, the authors first identified three homoeologs—TaARE1-A, TaARE1-B, and TaARE1-D—and generated a series of edited lines carrying different combinations of loss-of-function alleles. These included partial-null and triple-null mutants, allowing the authors to evaluate the effect of gene dosage on NUE and agronomic traits. All edited lines showed enhanced tolerance to nitrogen deficiency under hydroponic conditions, together with delayed leaf senescence and improved nitrogen utilization.
Importantly, the phenotypic outcome depended on the allelic combination. Among the edited lines, the AABBdd and aabbDD genotypes exhibited the most favorable balance, showing significantly improved NUE, delayed senescence, and increased grain yield under reduced nitrogen input without evident growth penalties. In contrast, complete knockout of all three homoeologs resulted in less desirable phenotypes, indicating that partial attenuation of ARE1 function was more advantageous than total loss in a polyploid background. Field evaluations further confirmed that these edited lines displayed increased grain yield under nitrogen-limited conditions, demonstrating that targeted disruption of a negative regulator can translate into agronomic benefit in wheat (Zhang et al., 2021).
Viewed as a strategy, knockout of negative regulators offers a direct route to improve NUE by removing endogenous constraints on nitrogen-responsive growth and productivity. In the case of ARE1, evidence from both rice and wheat indicates that reduced gene activity delays senescence, enhances nitrogen utilization, and improves grain yield under low nitrogen conditions. The work of Zhang et al. (2021) is particularly significant because it demonstrates that this principle can be successfully applied in a complex polyploid crop using genome editing, thereby providing a practical framework for developing high-yielding varieties with improved NUE under reduced fertilizer input.


7. Limitations 

Despite the comprehensive scope of this review, several limitations must be acknowledged. First, the molecular mechanisms underlying NUE discussed herein are predominantly derived from studies conducted in model organisms, particularly Arabidopsis thaliana, and major staple crops such as rice (Oryza sativa) and wheat (Triticum aestivum). Consequently, the generalizability of these findings to other agronomically important crops — including millets, sorghum, legumes, and orphan crops — remains uncertain and warrants caution in broad extrapolation.
Second, the majority of studies reviewed on nitrogen uptake, assimilation, transport, remobilization, and signalling networks were conducted under controlled greenhouse or growth chamber conditions. The translation of these molecular insights into field-applicable outcomes is often non-linear due to the confounding effects of soil heterogeneity, climatic variability, microbial communities, and agronomic practices, all of which are insufficiently represented in the current body of literature.
Third, while this review addresses genome editing strategies — including miRNA repression relief and knockout of negative NUE regulators — most of these approaches remain at proof-of-concept or early developmental stages. Long-term agronomic performance data, multi-environment trial validations, and regulatory assessments for these edited lines are largely absent from the existing literature.
Fourth, the section on nitrogen-responsive chromatin modulation and promoter engineering reflects an emerging area with a relatively limited and fragmented evidence base. Many of the epigenetic regulatory mechanisms described have been characterized in isolation, and their interactions within broader nitrogen signalling networks remain poorly integrated.
Fifth, the inherent trade-off between yield potential and NUE — a central theme of this review — has not been resolved at the molecular level. Current literature lacks consensus on how dwarfing gene pathways and gibberellin signalling interact with nitrogen metabolic networks under real-world agronomic conditions, limiting the scope of firm mechanistic conclusions in this review.
Finally, as a narrative review, this manuscript is subject to selection bias in the literature cited. A systematic or meta-analytic approach was not employed, and therefore the weight of evidence for various molecular strategies may not be uniformly represented.

8. CONCLUSION

The molecular landscape of nitrogen use efficiency is rapidly evolving, and several critical frontiers remain to be explored to translate current mechanistic understanding into meaningful agricultural outcomes. Future research on the molecular improvement of nitrogen use efficiency (NUE) should move beyond the study of individual genes and adopt broader systems-level approaches integrating transcriptomics, proteomics, metabolomics, and ionomics to identify key regulatory networks governing nitrogen uptake, assimilation, transport, and remobilization. In this context, identifying new molecular targets for NUE improvement, particularly regulatory genes, transcription factors, signalling components, and other upstream regulators with wider downstream influence, remains an important priority. At the same time, the candidate genes and pathways identified so far require rigorous experimental validation, since their functional significance and agronomic value must be confirmed across diverse genetic backgrounds and environmental conditions before they can be effectively translated into crop improvement programmes. There is also a need to extend current molecular insights beyond model and major crop species to underutilised crops such as sorghum, pearl millet, chickpea, and cassava, which are vital for food security in low-input systems. Comparative genomics and synteny-based approaches will facilitate the identification of conserved and species-specific NUE determinants across diverse crops. Advanced genome-editing tools such as base editing, prime editing, and CRISPRa/CRISPRi, together with multiplex editing strategies, offer valuable opportunities for precise manipulation of NUE-associated loci and regulatory elements. Future work should also consider the influence of climate-related stresses such as drought, heat, and elevated CO2, as well as the contribution of rhizosphere microbiomes, to develop more resilient and context-specific NUE improvement strategies. Ultimately, multi-location field evaluation and integration of validated molecular targets into breeding pipelines will be essential to convert current advances in NUE research into practical outcomes for sustainable agriculture. Finally, the integration of artificial intelligence and machine learning tools into NUE research holds significant potential for accelerating gene discovery, predicting gene–environment interactions, and optimising breeding strategies. However, the successful translation of these molecular advances will ultimately depend on rigorous multi-location field trials, regulatory evaluation, and stakeholder engagement to ensure their adoption in sustainable agricultural systems. 
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