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Abstract

:

Although nitrogen (N) is the most limiting nutrient for agricultural production, its overuse is associated with environmental pollution, increased concentration of greenhouse gases, and several human and animal health implications. These implications are greatly affected by biochemical transformations and losses of N such as volatilization, leaching, runoff, and denitrification. Half of the globally produced N fertilizers are used to grow three major cereals—rice, wheat, and maize—and their current level of N recovery is approximately 30–50%. The continuously increasing application of N fertilizers, despite lower recovery of cereals, can further intensify the environmental and health implications of leftover N. To address these implications, the improvement in N use efficiency (NUE) by adopting efficient agronomic practices and modern breeding and biotechnological tools for developing N efficient cultivars requires immediate attention. Conventional and marker-assisted selection methods can be used to map quantitative trait loci, and their introgression in elite germplasm leads to the creation of cultivars with better NUE. Moreover, gene-editing technology gives the opportunity to develop high-yielding cultivars with improved N utilization capacity. The most reliable and cheap methods include agronomic practices such as site-specific N management, enhanced use efficiency fertilizers, resource conservation practices, precision farming, and nano-fertilizers that can help farmers to reduce the environmental losses of N from the soil–plant system, thus improving NUE. Our review illuminates insights into recent advances in local and scientific soil and crop management technologies, along with conventional and modern breeding technologies on how to increase NUE that can help reduce linked N pollution and health implications.
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1. Introduction


The future food demand requires an increase of about 60% in agricultural production to accomplish the great challenge of feeding the burgeoning human population, which is predicted increase from 7.7 billion in 2019 to 9.7 billion by 2050 [1]. Among the essential nutrients of plants, N primarily affects the physiological, biochemical, and molecular responses, metabolism, and resource allocation of the plant and is thus considered the most limiting nutrient for crop production [2,3,4,5,6]. The synthetic N-fertilizer is a crucial input for the agricultural sector, accounting for almost half of the N sources for global food production, and thus, it is critical for fulfilling people’s food security, especially in developing countries. However, intensive and imbalanced use of N fertilizers is linked with losses of N from soil–plant systems, accounting for low NUE, higher cost of investment, and greater food insecurity [7]. This lost N leads to several environmental consequences such as eutrophication, increased GHG emission, and pollution of surface and underground water resources [8,9]. The consumption of nitrate-enriched water is linked with human health issues such as methemoglobinemia and cancer. Moreover, the higher nitrate content in runoff water might affect animals, which can cause direct poisoning in aquatic organisms and livestock [10].



Due to their significant contribution to the supply of proteins and calories (directly through grains and indirectly through livestock products) [11,12,13,14,15], cereal crops play a crucial role in the nutrition and food security of humans and animals, especially in developing countries. Among them, maize, rice, and wheat account for almost 90% of cereal production worldwide and are considered most imperative from the human nutrition point of view [16,17,18,19]. Around half of the world’s population is directly or indirectly dependent on N fertilizers for food supply [20]. Due to the extended role of synthetic N fertilizers in agriculture, nearly 120 Tg of reactive N is produced in industries annually [21]. Almost 50% is used to fertilize three dominant cereal crops, viz., maize, wheat, and rice (Figure 1). However, less than 40% of the applied N is taken up by the crops. At the same time, the leftover part enters the environment through various mechanisms, causing a wide range of agronomic, environmental, and health implications [22]. Thus, looking at N losses’ agronomic, environmental, and human health implications, some innovations are needed to improve NUE, especially in cereals. In this regard, the adoption/use of improved agronomic approaches such as site-specific nutrient management (SSNM), resource conservation practices, precision farming, and enhanced use of efficient fertilizers (EUEFs) and nano-fertilizers can help the farmers to reduce the environmental losses of N from the soil–plant system, thus improving NUE at the farm level [23].



Further, conventional and molecular breeding with the aid of different biotechnological tools such as transgenics can also add to developing highly N-efficient cultivars [24]. However, the failure to achieve the expected success in developing N-efficient genotypes in cereals can be attributed to the lack of coordinated efforts by plant breeders, biotechnologists, and physiologists. Therefore, to increase success in creating N-efficient cultivars, it is imperative to apply comprehensive multidisciplinary strategies, including breeding, physiological, agronomical, and biotechnological approaches. This review is an attempt to provide insight into the N cycling in the biosphere and its various loss pathways from the soil–plant systems and associated consequences of N losses. We also discuss the crop management strategies for the management of N in soil and conventional and non-conventional breeding technologies to enhance NUE of cereals that can help reduce the linked N pollution in water bodies and health implications.




2. Nitrogen Route in Soil–Plant Systems


Biogeochemical cycling of N includes various pools, forms, and environmental processes of N in terrestrial and aquatic ecosystems. Several forms of N, such as N2, N2O, NO−, NO2−, NO3−, and NH3 (reduced form), are present in the soil and atmosphere (biosphere). The N cycling encompasses nitrification, denitrification, mineralization, immobilization, volatilization, precipitation, and fixation processes for the movement of N from one compartment to another. The N cycle is further divided into two cycles that include external and internal cycles. The external cycle comprises processes of N contribution in ecosystems such as N2 fixation, NH4+ and NO3− in rainwater, and the use of N fertilizers as organic and mineral forms, which can cause N loss from cropping systems, i.e., denitrification, NO3− leaching, and NH4+ volatilization.



On the contrary, the internal cycle includes processes of N transformation (conversion of the form) or assimilation into the plant body, root turnover, mineralization, and microbial immobilization [25]. N externally applied to soil is managed by plants in two ways, i.e., uptake (as nitrate and ammonium) of N by the plant and assimilation (amino acids) of N in the plant to form essential amino acids and other metabolites [26]. Available N released by applied fertilizer or organic N of soil is highly sensitive to its losses by the soil–plant system as denitrification, leaching, runoff, and volatilization. Therefore, N optimization is of great concern for economic and ecological reasons [27]. The N cycle is started by the fixation of atmospheric N (inert) and the generation of bio-available N (reactive) compounds, i.e., nitrate, ammonium, and other oxides. This cycle is anthropogenically induced by fertilizer input and fossil fuel burning. In agricultural practice, nitrate primarily arises from fertilizers, cattle manure, crop residues, and soil organic matter. Heterotrophic micro-organisms play a key role in converting organic substrates initially to ammonium and finally to nitrite by nitrifying bacteria. In native ecosystems, N comes from lightening, biological fixation, and atmospheric deposition (dry and wet deposition) [28,29,30,31]. Denitrification is the microbial process that eliminates nitrate and reduces it to nitrite, nitric oxide, and nitrous oxide under anaerobic conditions. The addition, removal, and succeeding reentry of N between different compartments of the soil and atmosphere to complete the N cycle are depicted in Figure 2 [32]. The quantity of inorganic N in the soil can be summarized by the equation given below of the N balance, which is dependent on the N cycle [33,34,35,36].


N balance (N) = NP + NB + NF + NU + NM − NPL − NG − NI − NL − NE








where P represents N deposition through precipitation, B represents biologically fixed N, F represents fertilizer N, U represents N from urine and manure, M represents N from mineralization, PL represents plant N uptake, G represents N gaseous losses, I represents N immobilization, L represents N losses through leaching and, E represents N losses through erosion and surface runoff.




3. Global N Consumption and Status of NUE


Global fertilizer demand reached 200.92 million metric tonnes (MT) in 2022, out of which more than 111.59 MT was shared by N alone, which was predicted by the Food and Agriculture Organization of the United Nations, Rome, 2019 [37] (Figure 3). Further FAO (2019) predicted that global total ammonia production capacity would reach 190.39 million tonnes in 2022, out of which the total supply might be 163.22 million tonnes. Globally, the most N-consuming countries are China, India, and the USA accounting for a 53.16% share, and four other countries, namely Brazil, Indonesia, Pakistan, and Canada, account for 13% of global N consumption in 2019 [37].



N is the sine qua non component of the present-day agriculture system as it is required in huge quantities for the plant’s growth and provides plant protein. These essential proteins (enzymes) convert light energy into carbohydrates, which is the primary energy source. More than 100 Tg N year−1 of reactive N is produced industrially by the Haber–Bosch process using fossil fuels as energy sources. Of this, half of the total production of N fertilizer is applied to three main cereals, i.e., wheat (18.2%), followed by maize (17.8%), and rice (15.2%), which deliver the bulk of human food calories and proteins (Figure 1). Other than cereal, the global application of N fertilizer to fruits and vegetables (13.5%), oil crops (7.8%), sugar (3.6%), fiber (4.1%), roots and tubers (2.1%), grassland (4.7%), and other agricultural and non-agricultural plant species (8.3%) (IFA 2017) (Figure 1).



Without the application of N fertilizer, food production would not be sufficient to feed even 50% of the current global population. Crop production must be increased to meet the requirement of an additional population of 2 to 3 billion by 2050. A total of 1551 Tg N was harvested from cereals, which was supplied by N fertilizer (48%) and soil (4%). Approximately 737 Tg of crop N (48%), equal to 25, 29, and 38 kg ha−1 year−1 for wheat, maize and rice, respectively, is imparted by sources other than fertilizer (soil N). In this N, the major source is non-symbiotic N fixation, i.e., about 370 Tg of total crop N (24%), equal to 13 kg ha−1 year−1 for maize or wheat and 22 kg ha−1 year−1 for rice [38]. Compost and atmospheric deposition are other sources of N, contributing 217 (14%) and 96 Tg (6%), respectively. Crop residues and seeds also add slightly to the nitrogen status of the soil [38].



Estimates of fertilizer NUE are highly variable, as they depend on the experimental methods and formulae used to determine it. Variations among studies in climatic, edaphic, crop, and soil management parameters, which are addressed in-depth in the review’s final section, are primarily responsible for the wide range of values (Figure 4). Moreover, total N in the grain or aboveground biomass can be responsible for estimates of fertilizer N recovery. Fertilizer N accumulated in roots is mostly not included as a part of fertilizer N recovered by the crop due to the difficulty in measuring the remains in the soil. Additionally, the uptake of fertilizer N by the crop following the fertilized crop is rarely added in the studies of fertilizer-use efficiency. Both conditions contribute to the determination of true fertilizer NUE. A summary of 93 published studies over different locations worldwide estimates the central tendency for NUE expressions for maize, wheat, and rice (Table 1) [39]. The average agronomic efficiency of N (AEN) among the cereals ranged from 18 kg grain per kg N in maize to 24 kg grain per kg N in rice. The partial factor productivity of N (PFPN, total grain yield at a certain level of N applied) differed markedly among maize, rice, and wheat (Table 1). Similar PFPN values of 62 to 70 in maize and rice and 44 in wheat were found. The values of AEN and PPFN also varied among regions and were highest in Asia and lowest in Africa. The huge variance in PFPN indicates that corn and rice produce more output than wheat with the same amount of N. The maize (65%) and wheat (57%) showed higher apparent recovery efficiency of N (AREN) over rice (46%). Likewise, PEN ranged from 29 to 53 kg grain per kg of N, with the highest in rice (Table 1). Among the world’s regions, Asia had higher physiological efficiency of N (PEN) of 47 (kg grain per kg of N) compared with 23 to 28 kg grain per kg of N in other regions. In a recent review article, it was reported the current level of N recovery for the three major cereals (rice, wheat, and maize) is approximately 30–50% [40].




4. NUE Concept and Components


Generally speaking, NUE is a representation of how effectively plants utilize the mineral N that is available. Its definition is the increase in economic performance per unit of N applied, absorbed, or utilized by the plant [44]. The determination of NUE is an important approach to evaluating the fate of applied chemical fertilizers and their role in improving crop yields. Nitrogen use efficiency (NUE) is an established metric used to benchmark N management. There are numerous approaches to calculating NUE, but it is difficult to find an authoritative resource that collates the various NUE indices and systematically identifies their assets and shortcomings (Congreves et al. 2021). However, according to one definition of NUE, it is a dynamic and complex trait and has been defined in several ways in the literature, although most of them denote the ability of a system to convert inputs into outputs [45]. The detailed information on commonly used terms of NUE along with their typical uses are summarized here (Table 2)




5. Environmental N Losses


Certain species of reactive nitrogen (Nr) such as N2O, NO3−, NO2−, NH3, and NH4+ cause a cascading effect on the environment and global ecosystem services [47]. The anthropogenic activities such as fossil fuel combustion and intensive application in the agricultural sector are linked with large-scale losses of N to the environment through various routes such as soil erosion, surface runoff, leaching, denitrification, and ammonia volatilization, which are summarized in Figure 2.



5.1. Soil Erosion and Surface Runoff


N adsorbed on the soil colloids are lost by water and wind agents. In arid and semiarid regions, the N losses are caused mainly by wind erosion, while water-erosion-mediated N loss is dominant in humid and sub-humid climatic regions. Soil-dissolved N from surface-applied nitrate and adsorbed soil N can be lost after heavy rain through runoff [48]. The quantity of N lost through runoff and soil erosion depends on the duration and intensity of rainfall. These losses were also greatly affected by management practices and can be minimized with some improved agronomic control measures. Large amounts of nitrogen are removed through eroding soil, which normally removes about three times as much nitrogen as is still present in the soil. The average amount of nitrogen in a tonne of fertile surface soil is 1–6 kg, but the average amount of nitrogen in a tonne of soil on eroded land is 0.1–0.5 kg. The average yearly total nitrogen loss was 10.2 kg ha−1 year−1, according to reports [49].




5.2. Ammonia Volatilization


Ammonium volatilization refers to the conversion of NH4+-N into NH3 gas and its loss into the atmosphere. It is a significant route of N loss, especially in soils with high pH (saline and alkaline). Besides the soil reaction and type of N fertilizers, soil and atmospheric temperature and moisture status of the soil also greatly affect the quantity of the NH3 (gas) released into the atmosphere [50,51]. IFA/FAO (2001) estimated that the loss of NH3 through the volatilization process from fertilized grassland, upland crops, and fertilized rice (13, 18, and 20%, respectively) in developing countries was higher than that of developed countries (6, 8 and 3%, respectively). The comparatively lower price of fertilizer N compared with the worth of crop product lost in developing countries has also led farmers to misuse/overdose of N-fertilizer, leading to lower N use efficiencies (Figure 5). The economic implications of NH3 emission from anthropogenic activities are particularly threatening. It emits about 7.6 million kg NH3 ha−1 from the crop and livestock sector, accounting for more than 90% of the total emission [52].




5.3. Denitrification


Microbially mediated reduction of the nitrate form of N to a variety of gaseous forms of N (NO, N2O, and N2) under anaerobic conditions is termed denitrification [53]. Such activity is most commonly observed under a redox state where lesser O2 levels result in an increased microbial population that converts nitrate (NO3−) to nitrogen (N2) and nitrous oxide (N2O), and finally, this reduced form of N is lost to the atmosphere (Figure 6). Besides the soil moisture status, the denitrification process is greatly affected by the concentration of ammonical and nitrate N, carbon content, and soil and atmospheric temperature, texture, and drainage chrematistics of the soil [54,55]. Such N loss is responsible for 10–15% of applied N, depending on the edaphic and climatic conditions of the region. Among these aforementioned gases, N lost in the form of N2O is considered one of the most hazardous, as it is a greenhouse gas. Nitrous oxide (N2O) has an extended lifetime (120 years) and a higher potential for heat-trapping compared with CO2. For atmospheric N2O emissions, the major anthropogenic sources are agricultural activities, especially N fertilizer and manure application, livestock farming, fossil fuel combustion from fertilizer, and pesticide industries [56].




5.4. Nitrate Leaching


Loss of dissolved nitrate (NO3−) with water beyond the root zone of the plants through the soil profile is referred to as leaching loss of N. The enormity of N loss through leaching is due to several factors such as agro-climatic situation, soil characteristics, management practices, and methods/types of N fertilizer used [57]. Leaching is the most commonly reported means of N loss in sandy soils with light texture due to their high percolation rates; hence, the application of the higher dose of fertilizer results in the leaching loss of NO3− to the water table, which causes water pollution [58]. Leaching also occurs from well-irrigated areas where the water table is shallow, and generally, N fertilizer is used in the form of nitrate. The wet soil due to irrigation generally has higher NO3− leaching potential and export; however, the ranges are wide in different ecologies. As a result of reduced percolation beyond the root zone, paddy cultivation under lowland settings with fine-textured soils reduces N losses by leaching. Additionally, the mobility of soil macrofauna and plant roots facilitates rapid nitrate transport in soil [59]. The leaching and runoff losses of nitrate deteriorate the quality of both ground and surface water bodies, leading to eutrophication and algal bloom, and are also linked with human health implications discussed in Section 6.2 [60]. According to earlier studies, up to 80% of applied nitrogen may be lost as NO3 runoff, depending on the type of soil [61]. Due to increased precipitation and slower plant nitrate uptake, colder temperatures significantly contribute to nitrate leaching [62]. According to earlier research on nitrate loss in soil, grazing land lost more than 100 kg N of nitrate per year after tillage through the soil profile over the following winter [62,63].





6. Environmental Consequences of N Losses


N cycling is a dynamic route in nature, and a range of biochemical transformation processes within the soil–plant system are responsible for changes in all applied and organic forms of N (Figure 2). Some of these processes (leaching, volatilization, denitrification, etc.) are responsible for N movement to the water bodies and atmosphere from soil–plant systems, consequently leading to severe environmental concerns. The major environmental consequences associated with lower NUE of fertilizer N are discussed here.



6.1. Groundwater Contamination and Nitrate Pollution


N that has gone beyond the root zone of the plant system via leaching can cause groundwater pollution. The leaching loss of N in NO3− indicates soil fertility degradation, environmental threats, and worsened public health [64]. It is a global phenomenon that occurs from various sources and causes surface and groundwater contamination, especially eutrophication, leading to the proliferation of algae blooms and biodiversity loss [65]. The utilization of drainage water from irrigated lands is the defining characteristic of nitrate leaching. This problem is especially prevalent in regions where crops with high water and nitrogen requirements are grown. It is more obvious for groundwater, where both communities and irrigation districts use subsurface water [66]. Additionally, nitrate leaching is an alarming issue for public health hazards as it creates two medical conditions, methemoglobinemia (or the ‘blue-baby syndrome’) in infants and stomach cancer in adults. According to the recommendation of the World Health Organization (WHO), drinking water should have a nitrate concentration of less than 10 ppm. Many of the world’s freshwater water resources exceed the safe limit of nitrate and were found to be unsuitable for use for drinking purposes [67].




6.2. Eutrophication


Eutrophication is the phenomenon of nutrient enrichment in water bodies due to the excessive use of fertilizers, particularly N and phosphorus. It has the presence of sufficient levels of planktonic, algae, and/or water weeds to impair the water for use in the domestic water supply, for recreation, and for fisheries (reduction in cold water fisheries and fish kills) [68]. Effluents containing higher nutrient levels from agro-fertilizer and other industries, municipal and domestic, including black water contamination and urban runoff, accelerate the eutrophication problems in many parts of the world. The consequences of eutrophication in water bodies are the reduction in submerged aquatic vegetation, oxygen, and biodiversity; the spread of some harmful algal blooms; imbalances in the food webs and bio geo-chemical cycling; and fish kills [69]. Eutrophication can lead to oxygen depletion, producing various chemicals, i.e., unionized ammonia and the formation of hydrogen sulfides that are both directly and indirectly toxic to aquatic organisms and humans. N from soil and fertilizers on agricultural land and its loss by runoff might be regarded as the leading cause of eutrophication. Estimates showed that the agricultural land of Africa and South America had a lower contribution in N flow into their rivers through their nutrient-depleted ecosystems (Figure 4). The agricultural ecosystem comes under the world’s major rivers, such as the Mississippi, Rhine, Po, and Ganges, which exhibit extreme use and higher N loss.




6.3. N Deposition


Ammonia released to the atmosphere from soil with inorganic N applied, as well as manure and other anthropogenic activities, can return to the geo surface along with SO2. The intensification of N inputs through atmospheric deposition denotes a possible threat to all ecosystems, but forests and aquatic systems are the most sensitive ecosystems [70]. Atmospheric N deposition is the third major reason behind the loss of worldwide biodiversity with rates that are more than doubled over the past century. Total microbial biomass, carbon, and respiration are lowered due to the addition of N [71]. Such negative effects are boosted with the increasing N application rate. The fungal-to-bacterial ratio, relative abundances of arbuscular mycorrhizal fungi, and Gram-negative bacteria are also reduced by N addition; however, Gram-positive bacteria are enhanced. The problem of global warming is also enhanced due to greenhouse gas (GHG) emissions mainly because of higher N deposition [72].




6.4. GHG Emission


Out of total anthropogenic emissions, the global GHG emissions from the agriculture sector account for 14–17% as a direct source (cultivation of crops, livestock, and deforestation). Further, 3–6% may be accounted for in terms of global GHG emissions if indirect sources such as production, packaging, storage, and transportation of agricultural inputs and farm products are considered for emissions [73]. Among the direct agricultural emissions, N2O, ruminant CH4, biomass burning, CH4 from rice production, and manure management account for 38, 32, 12, 11, and 7%, respectively [74]. Due to the increasing trend of using energy-intensive agricultural practices/farm mechanization, global GHGs emission from the agricultural sector is increasing rapidly [75]. Nitrous oxide (N2O) alone emitted from synthetic fertilizers, manures, and crop residues contribute more than 40% of total agricultural emissions. The emitted N2O accounts for the depletion of the ozone layer by reacting with stratospheric O2 and forming nitric acid (IPCC, 2007). N fertilizers massively contribute to the global GHG emissions among all synthetic fertilizers as they produce a large emission scale during production, transportation, storage, and consumption [76].





7. Factors Affecting N Dynamics in Soil–Plant Systems


Globally, there is a huge disparity between N demand and supply in cultivated agroecosystems [77]. N deficiency in soils limits crop growth and development; on the other hand, an excessive amount causes water pollution (eutrophication) and global warming (greenhouse gas emission) [78]. Therefore, efficient and precise management of N is crucial for crop production, profitability, and minimizing environmental losses. Generally, the NUE of crops depends on both biotic and abiotic factors, including edaphic (pH, soil moisture, and temperature), climatic (ambient temperature and rainfall), management (dose of N, application time, placement, type of fertilizer, and irrigation), and biological factors and also varies from crop to crop (varietal differences, genotypes, root development, and rootstock) as indicated in Figure 5 and classified in Figure 6.



7.1. Physico-Chemical Factors


These abiotic factors, including physical and chemical interventions, affect the soil’s nitrogen dynamics and efficiency. These factors could be induced or of natural origin in agroecosystems such as soil pH, soil texture, aeration, irrigation, moisture content, cation exchange capacity, soil salinity, soil temperature, and application of fertilizers and other harmful elements [79,80,81,82].



7.1.1. Soil pH


Soil pH plays an important role in plant-available N dynamics in soil. Both higher and low pH conditions adversely affect the N availability in soil. At neutral pH (pH 6–7) or in equilibrium conditions, the biological conversion of ammonium to nitrate is fast, and nitrate is easily available to plants. However, in low-pH conditions (pH < 6), nitrification is slow, and crops with the capacity to uptake ammonium may have an advantage over those with the capacity to uptake nitrate. Higher pH increases the chances of volatilization and leaching losses. Calcareous soils, (pH > 7) can lose significant amounts of ammonia gas. The ammonium-containing fertilizer reduces soil pH while nitrate-containing fertilizers increase it. When applied to the soil, ammonium-containing fertilizers such as urea produce H+ ions through their hydrolysis, resulting in a sharp increase in pH, resulting in substantial N loss through volatilization [83].




7.1.2. Soil Temperature


Both soils and ambient temperature can affect the rate of ammonia transportation between soil solution and atmosphere and the hydrolysis of urea in soil [84]. The seasonal and diurnal temperature condition also varies the N emission from soil. Higher soil and atmospheric temperature can enhance the emission, and low temperature reduces the N emission from soil. The overall amount of nitrogen lost through ammonia volatilization may not change much between high and low temperatures, according to some reports, as volatilization may last longer in zones with a cold environment [85]. Low-temperature soils contain relatively higher ammonium than nitrate, while the reverse trend is found for high-temperature soils. The N mineralization and nitrification are generally increased with increasing temperature. Hence, the overall availability of N to crops can be increased with temperature to the optimum level [86].




7.1.3. Soil Texture


The soil texture can affect the rate of mineralization processes, especially crop-residual N [87]. The mineralization of crop-residual N is faster in sandy soils as compared to loamy or clay soils. The lower rate of mineralization under clay soils is mainly because of higher physical protection of soil organic matter and microbial biomass carbon, which reduces microbial activities and thus N mineralization rate [88]. Further, SOC becomes humified, chemically stabilized, and adsorbed onto negatively charged clay minerals with high surface area in clay-dominated soils. Apart from this, clay concentration may alter soil moisture, affecting both the decomposition of SOC and N in clay-rich soils.




7.1.4. Cation Exchange Capacity (CEC)


The potential of soil to hold exchangeable cations (positively charged ions) is termed CEC. It affects the soil’s ability to hold onto essential plant nutrients and provides a buffer against soil acidification. The ammonium ions from any fertilizers will be held on the soil cation exchange site through electrostatic attraction for a short time until they are converted to the nitrate form. Therefore, CEC plays an important role in N dynamics as it helps retain ammonium ions in soil and decreases the concentration of ammonium in soil solutions, thus reducing N losses. The CEC can also act as a buffer to the soil and resist the sudden change in soil reaction. The CEC can affect the ammonia volatilization capacity of soil by resisting changes in soil pH during urea hydrolysis. During urea hydrolysis, a smaller increase in soil pH would be expected in clay soil than in sandy soil [89]. Therefore, due to higher CEC, the volatilization capacity is lower in clay soil than that in sandy soil [90].




7.1.5. Soil Aeration, Irrigation, and Moisture Content


In soil, macropores are filled with water, causing limited gas diffusion and reduced oxygen content of the soil air for a certain period after rainfall or irrigation. The aeration of root zones can improve the NUE of crops [91]. Low oxygen pressure affects soil mechanisms such as microbial activity, soil reactions, and functions of plant roots. Soil oxygen shortage directly impacts microorganisms participating in nitrogen-related processes such as decomposition and nitrogen mineralization. There is a potential for nitrate leaching from the soil and reduced availability to plants in conditions of excessive irrigation and heavy rainfall.




7.1.6. Topography of Land


The land’s topography is one of the dominant factors involving landscape-scale variation in N cycling, especially under tropical climatic conditions [92]. At the local landscape scale, the topography is regarded as a major influencing factor on soil N dynamics, affecting the distribution of soil N availability through microclimate, vegetation, and erosion [93]. On steep topography, heavy rainfall can cause significant hydrologic transport, resulting in the redistribution of N towards downslope lands [94]. The rate of N losses may depend upon the soil type, which is closely linked to the local or regional topography of the land. Therefore, the N cycle is likely to be regulated by interactions between topographically determined climate, soil, and plant species composition of the local and regional land resources.




7.1.7. Amount and Type N Fertilizers


Soil organic matter (SOM) is the major source of N mineralization and plant-available N in the soil. Long-term manure application is considered an efficient management practice to increase soil organic carbon (SOC) accumulation and N mineralization capacity [95]. Nitrate-based fertilizers have the least while ammonium-based products have the greatest potential to acidify the soil. Phosphatic fertilizers also have a small potential for acidification as compared to N fertilizers, due to the lower amounts of this nutrient used. Temporal fluctuations in soil N transformation may be correlated with seasonal patterns of environmental conditions [96]. The large portion of added N through fertilizers resides in the soil and continuously affects N dynamics in the soil after the crop is harvested. However, the long-term effects of added N may be positive or negative. The authors of [97] observed that soils treated with fertilizer N mineralized more N than unfertilized soils, and the N mineralized improved with progressing nitrogen dosing. The higher concentration of ammonium ion in soil solution increases soil acidity and enhances ammonia emission from the soil. Hence, the application of nitrogen fertilizers such as urea can significantly increase the ammonia emission rate [90]. The application of a lower dose of nitrogen improves the soil’s enzymatic and microbial activities, while a higher dose weakens and produces toxic effects [98,99,100].





7.2. Biological and Management Factors


The biotic and management factors could greatly affect the nitrogen dynamics and use efficiency in the soil. These factors could also be human-induced or naturally originated in agroecosystems such as microbial activities, incorporation of crop residues, crop rotation, tillage operations, and species of plants.



7.2.1. Soil Organic Matter, Organic Amendments, Crop Residues, and Tillage Operations


Soil organic matter (SOM) plays an essential role in agriculture by holding and providing plant nutrients and improving overall soil health [101]. The application of organic amendments to soils has improved water-holding capacity, reduced bulk density, improved soil fertility, and improved organic N in soils [102]. Most of the organic matter amendments (OMAs) are applied to the soil surface and incorporated and retained in soils over a long time period. Various mechanisms can act to sustain added N, including physical protection via soil aggregation by binding agents produced by soil microbes during the course of organic matter decomposition. The application of compost can affect the N dynamics either positively or negatively based on the type of soil, as shown in Table 3. The incorporation of crop residues modifies the soil environment, affecting the soil’s microbial activity, and following the nutrient cycle [103]. The mixed applications of crop residues and mineral fertilizers may solve the practical restriction of input availability, but it may also help in improving fertilizer/water use efficiency, physical conditions of soils, crop productivity, crop N synchrony, and N loss reduction through interactive effects between both types of inputs [104].



The crop residue input can improve soil N dynamics through the enhancement of WUE and NUE, as well as the input of the substrate of SOM. The microbial and enzymatic activities are higher under crop residue application and zero tillage conditions as compared to conventional tillage without residue application. N2O emission is dominantly affected by several intercultural and tillage operations. N2O emission from No-tilled soils was found to be higher as compared to the tilled soils [119]. The improved crop residue management with N fertilizer or legumes residue considerably enhances the N economy of cereal cropping systems and enhances crop productivity in soils with low N content in a short time. Soil N loss may be reduced by applying effective legume crops, which can provide adequate biological nitrogen fixation input to improve soil N by improved recycling of N through plant residues. The leguminous green manures also play an important role in maintaining NO3 in soil [120].




7.2.2. Microbial Activity in the Soil


Soil N mineralization is a biological process stimulated by microbial activity. Microbially driven N mineralization and transformation are crucial to plant growth and development in the soil. The application of higher rates of N fertilizers than the recommended dose to the crops has not only decreased NUE but has also resulted in long-term environmental degradation problems, i.e., acidification of soil [121]; GHG emissions, especially N2O; eutrophication; and reduced microbial and enzymatic activity in the soil. The rate-limiting step of microbial decomposition of organic matter in the soil nitrogen cycle is the depolymerization of proteins to oligopeptides and amino acids by extracellular proteases, rather than the succeeding mineralization of amino acids to ammonium [122].



N deposition usually stimulates aboveground productivity and affects microbial activities in soil. According to [123], N deposition can negatively affect soil microbial respiration, which has been described by enhanced soil acidification and reduced microbial biomass or hindered oxidative enzyme activities. Zhu et al. [124] reported the positive correlations between the NO3-N immobilization rate, heterotrophic nitrification rate, and fungal biomass in forest soils. The heterotrophic nitrification and immobilization of NO3-N may be significant N transformation pathways influencing agricultural productivity. The nitrogen-fixing bacteria account for about 90% of symbiotic’s N fixation, and the free-living N-fixing bacteria fix only 1–5% of N in the soil. However, the links and interactions between microbial activity and N dynamics in the soil remain unclear.




7.2.3. Plant Species


The species of plant could affect the N mineralization rates in soils [125]. For example, in the subtropical region of eastern China, evergreen broadleaf forests manifest higher nitrogen mineralization rates than fir plantations and secondary shrubs. In soil, the plant species can also affect the soil N cycle. For instance, NO3− production via oxidation of organic N was three times quicker in the soil of Scots pine (Pinus sylvestris L.) than in that of pedunculate oak [126]. During the early successional process, in the shrub associations and coniferous forests, the concentrations of soil mineral N and net N mineralization were significantly lower as compared to post-successionally mixed and broadleaf forests [127]. The understanding of nitrogen mineralization and soil N cycle correlated with the variations between plant species.






8. Approaches for Improving NUE


Improved N management is an important aspect of sustainable crop production which provides the optimal crop yield with the least adverse effects on water and air resources while maintaining and/or improving soil health. The proper intermix of improved fertilizer, soil, water, and crop management practices will maximize the uptake of N by crops, minimize losses of N, and optimize the supply of N from soil and other indigenous sources, resulting in maximizing the N use efficiency. Tailoring N-efficient genotypes with improved agronomic production technologies is required to improve the NUE under the changing climate scenario. Several improved N management approaches have been developed to enhance the N use efficiencies in cereal crops, which are discussed below.



8.1. Genetic Approaches


The main aim of plant breeding is to generate cultivars with desirable characteristics. Plant breeders develop and manipulate the genome of strategic crops to obtain their long-needed engineered cultivars. Plant breeding plays a key role in developing suitable cultivars for sustainable agriculture along with food and nutritional security. The agriculture-based scientific community throughout the globe is observing the effect of a ballooning population on the limited natural (land, water, and soil) resources. Since the mid-twentieth century, plant breeders have developed valuable unique (true-to-type) varieties to balance the effects of demand and supply. As the world economy is demand-driven, the development of varieties with conventional and/or modern breeding approaches is the need of the hour. The expression of NUE is a quantitative trait regulated by a large number of genes [128]. For a deeper understanding of quantitative traits, QTL mapping is an invaluable resource. Many factors, including parental suitability, population size, testing in multiple locations, and genome coverage, contribute to successful QTL mapping for complex traits such as NUE. Variations in the environment can have an impact on QTL. The expression of constitutive QTL is not affected by changes in environmental conditions, while the expression of adaptive QTL is altered by environmental changes. Quantitative trait linkage (QTL) analysis can help us learn more about the connections between traits. Indications of genetic and functional linkage between phenotypically correlated traits are strengthened when the QTL associated with these traits are found to be located in the same genomic regions [128,129].



Finding SNPs, candidate genes, and regulatory pathways that are low-cost, user-friendly, widely distributed, co-dominant, trait-associated, and regulatory could be a major step forward in the race to improve wheat quality around the world. High-throughput genotyping techniques have the potential to increase marker density, which could increase the reliability of identified QTL for nitrogen uptake and utilization-related traits. There are a number of promising approaches to enhancing NUE, such as those that emphasize root architecture or senescence and remobilization. Part of the future genetic gain in cereal crops could depend on our ability to identify major and stable QTL-controlling NUE-related traits and use this information and knowledge in crop-improvement breeding programs [130]. Further research is warranted to quantify differences in feedback effects on the responsiveness of the root: shoot ratio to low N status, as the extent of genetic diversity on this adjustment, is largely unknown at present. Therefore, recent technological advancements have provided a wide range of possibilities and improvements in plant genetics and breeding.




8.2. Conventional Breeding


Over the last two centuries, crop development has been changed to a large extent due to several signs of progress in contemporary genetics. Conventional breeding approaches are dependent on two factors: (1) genetic diversity present in the wild, landraces, and closely related genotypes and (2) advancements in breeding methods through Mendelian and quantitative approaches for elite selection. In most cases, screening existing diversity and selection depends on phenotypic characters. The particular phenotype is highly based on the given genotype and environmental conditions, making it variable and unpredictable. This is the main demerit of classical breeding as it incorporates several stages such as selection, crossing, and then testing under natural environmental conditions.



Indirect genotype selection in the environment may lead to better outcomes. However, the selection environment should be representative of the final growing conditions for the genotypes. Results from NUE tests that show some genotypes perform better under low-N conditions suggest that they may have an adaptive mechanism for this. Long-duration genotypes require more nitrogen (N) for growth and development and, ultimately, for prolonged production of higher yields, so this factor must also be taken into account when selecting the genotype. Environmental nitrogen use efficiency (NUE) studies on crop plants are the standard for selecting NUE-boosting cultivars during the breeding process [131]. Using heterosis to confer NUE in crop plants may be useful for plant breeders. Mid-parent heterosis was found to range from 3.5 percent to 15.0 percent across European studies on average. Hybrids were also said to be more stable and resistant to abiotic stress than pure lines. The hybrids either increased protein content in the grain without changing yield or maintained protein content in the grain while increasing yield. These results suggest that hybrids have a higher nutrient uptake and utilization compared to pure lines. Some research has found that low N levels are associated with a higher frequency of best parent heterosis than high N levels [131,132].



Conventional breeding is very laborious and time- and resource-consuming. To discover the trait of interest and their introgression, a large sample size is required. In addition, breeders must employ a vast array of genome-wide diversity from the available landraces in order to screen and select plants with the desired genetic background. Therefore, advanced breeding techniques provide greater opportunities for genome editing for rapid trait improvement.




8.3. Molecular Breeding Approaches


Molecular breeding refers to the development of a new genotype using molecular information. The NUE of crops grown in the 21st century is low due to the extensive breeding of germplasm with a narrow genetic base just targeting yield-related traits. Assessments are generally carried out with adequate N levels commonly based upon preceding observations and response of chosen varieties [133] (Figure 7). Plant roots play a crucial role in improving NUE; thus, understanding root architecture at a deeper level will further improve our understanding. However, the limited availability of high-throughput and extensive phenotyping tools for plant root architecture has hindered our understanding of genes related to NUE and further using them for advanced breeding programs [134].



The development of next-generation sequencing (NGS) technologies has allowed for the rapid, cheap, and precise sequencing of both transcriptomes and genomes. The advent of NGS has made it possible to obtain the transcription profiles, genomic data, and mutations such as single-nucleotide polymorphisms (SNPs) of multiple species, despite having only a small number of markers to work with. Genome-wide association studies (MASs) of novel agricultural cultivars require genetic markers, and these data, when combined with biochemical, metabolomic, proteomic, and physiological information, will make it easier to identify the genes responsible for specific phenotypic traits [135]. Genome-wide association studies (GWASs) make use of the data gleaned from reference genomes to map QTL in plants, develop genomic selection programs, and discover interesting mutations in populations of mutated individuals. GWASs are proving to be a useful tool for dissecting the genetic basis of complex biochemical/physiological traits in plants, such as NUE. They can take advantage of the inherent variation as well as the variation created by breeding populations of RIL (recombinant inbred line) offspring with appropriate parents [135].



Moreover, NUE can be enhanced by improving root architecture traits such as by altering root length, density, radius, surface area, and number, etc. Similarly, barley genotypes with higher N uptake affinity show increased root dry weight and volume when measured at the seedling stage [136].




8.4. Quantitative Trait Loci (QTL-Based Approaches)


The improvement in the NUE of crop plants has benefited greatly from recent developments in QTL identification. Finding the important chromosomal areas that segregate NUE can be accomplished with the use of QTL discovery and gene mapping. Under normal and low-N stress situations, QTL underlying grain yield and related attributes may expedite the emergence of NUE variants in crops [137]. The major checkpoints in plants regulating the NUE are some strategic positions along the N fixation pathway such as NR, NiR, GS, and GOGAT enzymes, respectively [138]. A considerable amount of work has been carried out in the past decade on the control of inorganic N assimilation and the co-relation with carbon (C) metabolism at physiological, cellular, and molecular levels. The availability of huge transcriptomic and other omics data at the organism level has deepened our knowledge of the regulation of N absorption in both controlled and changing climatic conditions at the field level. The discovery of prospective candidate genes will act as one of the parameters in NUE regulation for monitoring genotypes for their N sensitivity. QTLs can be used to detect and understand the inheritance of genes involved in nutrient use efficiency (NUE), root growth, development, and structure [135]. Genome-wide association studies (GWAS) and quantitative trait loci (QTL) mapping have helped disentangle the genetics of complex quantitative traits associated with NUE. NUE is regulated by a large number of quantitative trait loci (QTLs), which have been identified in a wide variety of crops, including rice (Tong et al., 2011; Wei et al., 2012), barley (Kindu et al., 2014), maize (Liu et al., 2012), and many more. To facilitate genotype selection in early generations, marker-assisted selection (MAS) makes use of molecular markers associated with a target trait. It makes using traits in breeding programs easier, and the resulting agricultural varieties are better. As a result of their close proximity to the genes responsible for nutrient use efficiency on the chromosomes, a marker-assisted selection (MAS) framework of molecular breeding could use this information to their advantage. QTL mapping on chromosomes is typically laborious and time-consuming, but this process can be sped up with the availability of collections of near-isogenic lines (NILs), which are created to confirm a QTL for the desired trait. Several crops’ breeding programs have made use of NILs for the development of new cultivars and for genetic studies [135].



The chromosomal positions of unidentified genes that affect the quantitative variation in complex characteristics such as NUE can be identified by quantitative trait locus (QTL) mapping. Several investigations have been done to map QTL for NUE in cereals [139,140]. However, this type of genotype has vital effects on the NUE of a plant; for instance, rice N-efficient genotypes IR3932-182-2-3-3-2, IR54853-B-B-318, and IR29723-88-2-3-3 produced a greater yield in comparison to the N inefficient genotypes. On average, a 10% higher yield was observed in an elite rice cultivar, i.e., green super rice (GSR) under field trials with low N input [141]. Furthermore, the QTLs for 22 vital traits were identified in rice with 32 SSSLs through a random block design in different cropping seasons [142]. However, to date, limited scientific research and investigations have been undertaken on specific breeding for N-input systems [143]. Additionally, the functional validation of genes and associated families related to N uptake under control, limiting, and non-limiting experimental conditions needs to be explored. Therefore, molecular breeding of crops for higher NUE increased grain yield over a period of time and has been well documented by many researchers [40]. This knowledge could be further enriched by developing a deeper understanding of genotyping based on sequencing, breeding by modern molecular approaches, next-generation sequencing, high-density and single-nucleotide polymorphism linkage maps, etc. [144].




8.5. Marker-Assisted Selection (MAS-Based Approaches)


Omics approaches provide new possibilities resulting from the next-generation sequencing approaches in which whole-genome sequencing of any plant genotype is possible in a short period of time at very nominal charges. This genomic and transcriptomic-based sequence information provides plant breeders with information about genes, their location, sequence information, and a huge number of DNA markers for generating high-density genetic maps and marker-assisted selection (MAS). It relies greatly on the linkage amongst markers, gene(s), and QTL of interest [145]. This allows the introgression of single or several gene(s) or QTLs from one or more genotypes into the recurrent parent genome. In addition, it permits gene pyramiding, i.e., the introduction of a single or several genes of interest into the particular genomic background [146]. Further, MAS allows for a ‘breeding by design’ strategy, which forecasts the result of a set of crosses as stated by DNA-based marker information. Another application of MAS is ‘genomic selection’ (GS), which relies on the concurrent analysis of outcomes on the phenotype of all existing loci, haplotypes, and markers. GS needs accessibility of phenotypic and genotypic information and the formation of a genomic model so that the alterations in the phenotype are elucidated by the markers examined [147].




8.6. Genetic Engineering


Genetic engineering has been applied in several crops to develop genetically modified organisms (GMOs) by forward or reverse genetics approaches. Genes have been integrated from other organisms/plants into different plant species to obtain the desired characteristics. Genes-silencing approaches hamper gene expression by inhibiting translation through mRNA targeting [148]. Genes associated with N metabolic pathways such as nitrate transporters, ammonium transporters, and associated transcription factors have been engineered into cereals to enhance NUE [149]. Commonly, constitutive promoters such as CaMV35S or specific promoters such as OsNAR2.1 have been used to augment NUE in transgenic lines [150]. Additionally, the OsNRT1.1B allele of indica rice has been genetically engineered into japonica rice to enhance NUE [151]. Likewise, [152] introduced the ZmDof1 gene from Zea mays to rice and found higher carbon and nitrogen fixation under conditions of lower nitrogen. Further, the overexpression of the ASN1 gene in Arabidopsis improves the nitrogen status of seeds [153]. The constitutive expression of a cytoplasmic glutamine synthetase gene (GS1) in tobacco from alfalfa resulted in a higher photosynthetic rate in areas with low N input [154]. These results indicate that transgenic tobacco lines are more efficient in utilizing N under limiting conditions. Similarly, GS1 gene over-expression in poplar also resulted in 41% higher growth rate in transgenic lines.



The CRISPR-Cas9 genome-editing tool has changed the era of genetically engineered plants to develop elite crop varieties [36,155,156,157]. The CRISPR system is defined as Clustered Regularly Interspaced Short Palindromic Repeats, a type of immune defense system naturally found in prokaryotes. The CRISPR nuclease system has revolutionized gene modification for the maneuvering of the genome of a living being [158]. The CRISPR–Cas9 system can be utilized more efficiently to improve the genomes of cereals to improve their NUE. The CRISPR–Cas9 system has proven applications in several research areas such as biotic and abiotic stresses and improving a particular crop’s quality [159]. Due to the application of CRISPR/Cas9, the expression of symbiotic N fixation genes in Lotus japonicus was reduced, and the possibility of genome editing in legumes was also explored. Furthermore, single base modification in OsNRT1.1B (a nitrate transporter gene) has been carried out by a fusion of nCas9 and human APOBEC3A nuclease and has been reported to enhance NUE in rice [160]. Sathee et al. [161] also reviewed several studies to target NUE in cereals using CRISPR/Cas9. In this study, various genome editing techniques for utilizing essential negative and positive regulators were discussed. CRISPR variants that achieve transcription activation or interference with dCas9 are known as CRISPR activation (CRISPRa) and CRISPR interference (CRISPRi). Plants can create targeted DNA methylation and gene activation using the dCas9-SunTag technology. Genome editing can target negative regulators of nutrient signaling, which can enhance food absorption and stress signaling in resource-constrained environments. A successful method to produce precise alterations is promoter engineering using CRISPR/dead (d) Cas9 (dCas9) cytosine and adenine base editing, as well as prime editing. The additional benefit of using transcriptional activators and/or repressors to specifically overexpress desired genes is another benefit of the CRISPR/dCas9 system.



Similarly, numerous N transporter genes have been genetically engineered in rice to improve its NUE, for instance, low-affinity nitrate transporter NRT1.1b [162], high-affinity nitrate transporter NAR2.1, NRT2.3a [163], and ammonium transporter AMT1.1 [164]. Modern genetic tools and techniques have helped improve the NUE of cereals and other strategic crops. Therefore, there is a call for advancing from laborious and time-consuming conventional breeding approaches to more effective modern breeding tools, viz., omics and CRISPR/Cas9. Nonetheless, robust genetic engineering target multiplexing, precise editing, and efficient transformation and regeneration would bring another agricultural revolution. As NUE is a complex and multigenic trait, regulated by various sets of genes, its improvement in cereals to enhance yield is a pressing priority.





9. Agronomic Approaches


To achieve the goal of sustainable crop production along with higher NUE, N needs to be managed so that its losses remain at a minimal level. Some improved agronomic strategies of N management, which involve modifications of soil, plant, and fertilizer variables in favor of maximum economic crop yields and NUE, are discussed in this section. Therefore, by combining several breeding and agronomic approaches, a balanced way to improve the NUE of cereals and maintain soil fertility and grains with higher yield and nutrient traits is possible. Hence, a holistic approach is needed for identifying and developing cultivars with enhanced N uptake and translocation efficiency.



9.1. Site-Specific N Management (SSNM)


Agricultural land, especially in developing countries, is typically marginal and small, with high spatial and temporal variability linked with differences in soil fertility, the nature of fertilizers, and its application methods and the diversified use of other local resources available to farmers. N application through blanket recommendations occasionally permits farmers to use N fertilizers in excess of the permitted amounts to achieve extreme yields, resulting in a lower NUE. It is essential to strike a balance between a crop’s nitrogen needs and soil nitrogen stores to achieve sustainable agricultural yields with high NUE and minimal soil and air pollution [165]. SSNM is a set of N-management principles that aims to optimize the supply of soil N over time and space to match the requirements of crops. The major emphasis of SSNM is to feed the N to crops at an optimal amount and time to achieve higher yield and NUE. It optimizes the fertilizer use to bridge the deficit between the N requirements of a crop and N supplied from natural sources [166]. It could help reduce the cost of cultivation and environmental pollution and improve the crop yield over blanket N application (Sapkota et al. 2021). The site-specific nutrient management (SSNM) strategy, which is based on soil-nutrient supply and nutrient-uptake need for a defined yield, has recently demonstrated the potential to increase farm profit by ensuring that the right amount of nutrients is supplied to a variety of crops [167]. The SSNM method is a useful tool for delivering nutrients to crops to increase crop output, in addition to aiming to reducing fertilizer consumption. It also attempts to improve nutrient use efficiency, which will result in greater net returns per unit of fertilizer invested. In contrast to BSR, which is still widely used in a number of developing nations, SSNM guarantees enhanced production and soil health over the long term (Timsina et al., 2013). Over the last decade, some attempts have been made to carry out SSNM in major cereals, i.e., rice, maize, and wheat, using LCC, chlorophyll meter, and nutrient expert (NE) tools, which are discussed as follows.




9.2. Chlorophyll Meter


Crop N status can be estimated using a chlorophyll meter, as most N in the plant system is contained in the rubisco enzyme found in chloroplasts and chlorophyll proteins, and there is a close relationship between leaf N and leaf chlorophyll content. The chlorophyll meter, popularly known as the SPAD meter (soil–plant analysis development), can quickly and reliably provide an estimate of leaf N status of the crop by measuring chlorophyll content. It was also recommended to assess the effectiveness of N applied late in standing crops to increase grain yield and protein content [168]. Rhezali and El-Aissaoui (2021) observed a significant linear correlation between absolute SPAD values and leaf N concentrations of corn.



The Minolta SPAD-502 has been commonly used to estimate corn N status and refine in-season N management [169]. Ali et al. [170] worked out a critical SPAD value of 37 for fertilizer N application using the Cate Nelson procedure and observed that the application of 30 kg N/ha whenever the SPAD meter reading fell below a critical value gave the optimum rice yield with higher NUE over the blanket recommendation for N fertilizers. A threshold SPAD value of 37 for tailoring fertilizer N application to wheat in the eastern Indo-Gangetic plain was worked out by [171]. Singh et al. [172] used the SPAD meter for guiding the application of fertilizer N at the MT stage of irrigated wheat and observed that wheat responded to the top dressing of 30 kg N/ha when the SPAD reading fell below 44 at the maximum tillering stage with the 20% yield increase at an SPAD value of 42 or less.




9.3. Leaf Color Chart (LCC)


The cost of a chlorophyll meter is high, which is beyond the reach of poor Asian farmers. Thus, an inexpensive alternative tool, LCC, was developed from a Japanese prototype by the International Rice Research Institute (IRRI) in the Philippines to monitor relative leaf greenness as an indicator of leaf N status [173] and can help farmers in efficient N management [174]. Like the chlorophyll meter, LCC also needs the critical color shades threshold to be determined for guiding the N application [175]. For example, [176] found the following threshold values: 3 for basmati rice, 5 for hybrid maize, and 4 for wheat. LCC has been successfully used for N management in different crops and found to be effective in avoiding excess use of N fertilizer, improved productivity, and NUEs by enhancing the congruence between the time of fertilizer application and the need of the plant [177,178,179,180] (Table 4). Leaf color charts are effective and low-cost tools that help farmers improve their N management, and efforts are underway to stimulate the technology at a wider scale among Asian rice farmers.




9.4. Nutrient Expert (NE)


Nutrient Expert (NE) is a recently developed decision-support system software based on precise nutrient management technology that helps improve crop yields, environmental quality, and overall agricultural sustainability.
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Table 5. Effect of Nutrient Expert (NE)-based N-management practices on grain yield of different cereals.
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Crop

	
N Management Practice

	
Yield (t/ha)

	
% Increase in Yield with NE

	
Place

	
Source






	
Rice

	
NE

	
5.46

	
-

	
Morang (Nepal)

	
[184]




	
GR

	
4.79

	
13.99




	
FFP

	
4.43

	
23.25




	
NE–SSNM (LCC)

	
6.67

	
-

	
Pantnagar (India)

	
[185]




	
FFP

	
6.06

	
10.07




	
NE

	
5.14

	
-

	
Lamjung campus (Nepal)

	
[186]




	
GR

	
4.24

	
27.86




	
FFP

	
4.02

	
5.47




	
NE

	
5.79

	
-

	
Lamjung (Nepal)

	
[187]




	
FFP

	
4.21

	
37.53




	
Maize

	
NE

	
8.4

	
-

	
Indonesia

	
[188]




	
FFP

	
7.5

	
12.00




	
NE

	
9.1

	
-

	
Philippines

	
[188]




	
FFP

	
7.5

	
21.33




	
NE *1

	
7.94

	
-

	
Southern India

	
[189]




	
FP *1

	
6.87

	
15.57




	
NE *2

	
9.11

	
-

	
Southern India

	
[189]




	
FP *2

	
7.98

	
14.16




	
NE

	
8.4

	
-

	
India

	
[190]




	
FFP

	
7.8

	
7.69




	
NE

	
10.10

	
-

	
China

	
[191]




	
FP

	
9.90

	
2.02




	
NE

	
12.30

	
-

	
Northeast China

	
[192]




	
FFP

	
11.40

	
7.89




	
SSNM-NE

	
5.83

	
-

	
Pantnagar (India)

	
[181]




	
FFP

	
4.77

	
22.22




	
NE

	
8.06

	
-

	
Morang (Nepal)

	
[193]




	
FFP

	
4.53

	
77.92




	
NE

	
9.22

	
-

	
Jhapa (Nepal)

	
[193]




	
FFP

	
4.94

	
86.64




	
Wheat

	
NE–SSNM (LCC)

	
4.32

	
-

	
Pantnagar (India)

	
[185]




	
FFP

	
3.02

	
43.05




	
SSNM-NE

	
4.55

	
-

	
Pantnagar (India)

	
[181]




	
FFP

	
4.22

	
7.81




	
NE

	
4.02

	
-

	
Morang (Nepal)

	
[193]




	
FFP

	
2.06

	
95.15




	
NE

	
4.71

	
-

	
Jhapa (Nepal)

	
[193]




	
FFP

	
3.00

	
57.00




	
NE

	
7.17

	
-

	
China

	
[194]




	
FP

	
6.88

	
4.22




	
NE

	
8.1

	
-

	
North-central China

	
[195]




	
FP

	
7.9

	
2.53








FFP—Farmers Fertilizer Practices; FP—Farmers Practices; NE—Nutrient Expert; SSNM—Site-specific nitrogen management; LCC—Leaf color chart; RF—Recommended fertilizer; GR—Government recommendations; PFP—Partial factor productivity; *1 indicates the data for rice cv. Hybrid PHB-71 during 2002; *2 indicates the data for maize cv. 30V92.











NE is an emerging N management diagnostic tool that applies N input variables at the right place and time with the right amount per crop demand [196]. NE has been tested for N management in rice, wheat, and maize. Results show that it avoids excessive use of N fertilizer and improves productivity and NUEs compared to farmer practice by matching N fertilizer application time and plant needs [197]. Similarly, [198] reported 17, 56, and 58% reductions in NPK fertilizer use in maize when applied with NE recommendations compared to FP. Several other researchers also significantly improved the yield of different cereals with NE-based N application (Table 5).




9.5. Enhanced-Efficiency Nitrogen Fertilizers (EENFs)


NUE can be improved by the use of EENFs, which are developed to reduce N losses. EENFs reduce ammonia volatilization and nitrification–denitrification losses by reducing or controlling the rate of N release from fertilizer (slow-release fertilizers) by inhibiting the nitrification process (nitrification inhibitors) and urease activity (urease inhibitors) and ultimately help synchronize the N supply as per the crop demand [199].




9.6. Slow Release Fertilizer


High N application leads to low NUE due to various N losses. Multiple top dressings of N fertilizers at different crop growth stages can be performed to match plant demand to improve grain yield and NUE. However, such multiple top dressings incur additional labor costs. In this regard, slow-/controlled-release fertilizer holds a great promise, which closely matches the crop N requirement with a single application, thereby saving labor costs. Slow-release fertilizers include those formed by urea and aldehydes’ condensation products (such as IBDU—isobutylidene diurea) and coated or encapsulated fertilizers’ sulfur-coated urea and polymer-coated urea [200]. Different N losses can be minimized due to the application of controlled-release N fertilizers owing to delayed N-releasing patterns can synchronize with the plant demand. Many studies indicate that slow-release fertilizers can improve the grain yield and NUE of major cereals [201]. Reference [202] noted that the ratio of NO3−/NH4+, an indicator for nitrification, was lower with the application of polyurethane-coated urea than urea by itself, indicating a slower nitrification rate. A lower NO3−/NH4+ ratio is beneficial for higher N uptake, growth, and yield [203].




9.7. Nitrification Inhibitors


Nitrate leaching and denitrification losses from fertilizer N can be reduced by maintaining N in NH4+ form for a longer period. This can be possible by inhibiting nitrification (NH4+-N to NO3−-N) through the addition of nitrification inhibitors and conventionally used N fertilizer [204]. Though a lot of NIs (nitrapyrin and dicyandiamide (DCD)) have been developed, they are less popular among resource-poor farmers in Asian countries due to their high cost and limited availability [205]. In this regard, neem-coated urea (NCU) is a cheaper alternative for resource-poor farmers. The use of neem-coated urea reduced the nitrate concentration. It enhanced the ammonium ion concentration in soil [206], which can be of great use in the case of transplanted rice in low-land ecosystems, where the losses due to denitrification and nitrate leaching are substantial. Aboveground dry matter accumulation in rice due to NCU is relatively low at early stages, but at later stages, it supersedes PU, which might be due to the conservation of nitrogen, which became available at later stages with the use of NCU synchronized with the plant demand, enhancing the grain and straw N content [207] over PU. Several neem-based NIs (NCU, neem-cake-coated urea, and neem-extract-coated urea) have been reported to increase enhanced yield and profitability, N uptake, and NUEs in rice with the use of NCU over PU. However, the effect was more pronounced in sandy loam soil than in clayey loam soil [208].




9.8. Urease Inhibitors


Urea is the most important N fertilizer worldwide (IFA 2017) because of its higher N concentration and lower cost of production in comparison to other N sources [209]. After urea is applied, it undergoes urea hydrolysis through urease activity, which increases the pH of the soil surrounding the urea granules and causes loss of ammonia (NH3) to the atmosphere through volatilization, which is a serious environmental issue. N lost through NH3 volatilization can reach up to 40% of applied N fertilizer or even more under hot and humid conditions [210,211]. The amount of N lost as NH3 depends upon soil and environmental conditions (texture of soil, soil moisture content, and temperature) [211] and N application rate.



Compounds such as hydroquinone, some benzoquinones [212], phenolic aldehydes, and benzoylthioureas have inhibitory effects on the activity of urease, but the most widely used compound is N-(n-butyl) thiophosphoric triamide (NBPT) [211]. The meta-analysis of [213] showed that NH3 loss was only 15% when NBPT was used along with urea, but it was 31% with untreated urea. Cantarella et al. [211] compiled the results of different studies and found that the mean increment in yield with the use of the urease inhibitor (UI) NBPT along with urea was −0.8% in sugarcane, 1.8% in cotton, 4.1% in corn, 5.2% in bean, 6% in barley, 7.6% in rice, 8.4% in pasture, and 10.2% in wheat compared to that of untreated urea, with the mean reduction in NH3 loss up to 53.2%. Though urease inhibitors have been proved to reduce NH3 volatilization, their limited shelf life hinders effective inhibition over a longer period; hence, there is a need to improve the shelf life of UIs [211].




9.9. Nano-Fertilizers


Nanotechnology is a novel approach that implements a similar method as the formulation or polymer coating of urea with urease-regulating nutrient elements but at different scales of particle size. Here, the sizes of polymer coating materials or nutrient elements (≥1000 nm) are reduced by 1000 to 10 times, resulting in a corresponding material size of 1 nm to 100 nm (nano-scale) [214]. Nano-scale additives or nanofilms and nanopolymers of other nutrients were also utilized for modifications of N fertilizers for controlling/slowing the N release, improving crop productivity, N uptake, and NUE. The development of fertilizer products utilizing a nanoscale process is called nano-fertilizer or nano-enabled fertilizer, which in most cases has been found to reduce the N losses and increase NUE and productivity of crops over conventional fertilizers [215].



A slow-release nano N-fertilizer developed using nano-encapsulation of urea with the use of hydroxyapatite (HAP), a naturally occurring P-mineral and ground wood material of Gliricidia sepium, resulted in a 44% reduction in the N release rate after 60 days compared to conventional urea (CU). This slow-release action was due to the interaction of urea with the nano-HAP by its amine and carboxyl groups, creating moderately strong bonds [216]. This nano-encapsulated fertilizer increased the grain yield of rice and its leaf N by 7 and 6%, respectively, with 50% less N in the urea–HAP formulation than CU [217].



Using polycaprolactone, polyacrylamide hydrogel, and montmorillonite clay, urea nanocomposites were created that reduced N release by 25%, 20%, and 21%, respectively, compared to CU. Moreover, these compounds have been demonstrated to dramatically reduce N2O emissions in wheat fields [218]. Likewise, nano-carbon, urea formaldehyde composites, and zeolite nano-composite have been tested for their efficiency in slowing down the release and transformation of N from urea. Results showed significant reductions in total N release or amount of NH4+ or NO3− in soil incubation studies [219].




9.10. Precision Farming


Precision farming is the use of information and technology to identify, analyze, and demonstrate the variability in time and space dimensions in every aspect of agricultural operations for efficient management of resources with an aim to conserve environmental resources, as well as to achieve maximum production. The in-field variation with respect to the available N is quantified with the help of the global positioning system (GPS), the geographic information system (GIS), and remote sensing techniques, and the exact amount of fertilizer N is applied at the right time and right place through a variable rate applicator [220] so that precise and timely application of N as per the crop need across the landscape can be achieved [221]. The entire agricultural field is divided into different zones, and fertilizer and other inputs are applied as per the site-specific input needs. However, it requires a thorough understanding of the delineation process, the spatial and temporal variability in the field and crop for a particular input, and corresponding quantified needs and their ultimate impact on crop yield [222]. Moreover, Grell et al. (2021) showed the instantaneous prediction of NO3 levels in the soil using the leading machine model. In the aforementioned study, they utilized the point-of-use method of measurement of NH4+, soil electrical conductivity, pH, easily accessible weather, and timing data (R2 = 0.70). Therefore, the method used for enough precision and application of nitrogenous soil nutrients may be identified and forecasted, allowing fertilization schedules to be adjusted for crop needs and preventing overfertilization while enhancing crop yields.



Electronic sensors are commonly used to diagnose the site-specific variability in crop N demand and soil supply, utilizing the various crop and soil parameters [223]. Similarly, non-destructive proximal canopy reflectance sensors have emerged as the tools for SSNM with the most potential [224]. Further, sophisticated N management through local or remote N sensors can be carried out to assess the supplemental N requirement of crops. Typically, sensor-based N applications are top-dressed during mid-season and can synchronize with N uptake by the crop. Further, sensor-based N rates are always lower than the fixed-stage split N application. It is obvious that the split application of N fertilizer will increase the NUE over pre-plant application whether it is applied with the use of a sensor or not. Sensor-guided N application reduces the environmental impacts associated with N fertilizers but is mostly not profitable compared with the prevailing practices.




9.11. Improved Method of N Application


Methods of fertilizer N application affect N losses and thereby crop performance. For example, broadcasting of N fertilizer involves greater N loss in rice through ammonia volatilization [225] and reduces NUE. On the other hand, the deep placement of N fertilizers such as urea or urea super granule (USG) can enhance the grain yield and N recovery compared to broadcast N application. Higher NUE with the placement of USG than urea is ascribed to the reduction in N losses (NH3 volatilization, nitrification–denitrification), regulated N supply to the crop, and its placement below the oxidized zone [226].



Despite the proven advantages of deep placement of USG, it is not commonly used by farmers, primarily due to its unavailability and the labor required for its placement [227]. Band placement of N fertilizer is another option that can reduce NH3 volatilization losses and improve NUE compared to soil surface application, especially in this method’s water-scarce conditions [228]. Further, the placement of urea results in higher NH4+ concentration in the fertilizer zone, which has toxic effects on nitrifiers, causing the inhibition of the nitrification process, thereby minimizing the leaching loss. Fertilizers are applied directly to the zone of maximum root activity through emitters in the case of drip fertigation, which can enhance the fertilizer use efficiency compared to other fertilizer application methods (broadcasting/furrow placement). Better water economy, along with higher yields, is also reported for drip fertigation. Therefore, improvement in water and NUE can be achieved through the adoption of drip fertigation [229,230,231].




9.12. Integrated/Balanced N Management


Continuous and imbalanced use of chemical N fertilizers results in an imbalance in the soil’s N status, reducing crop yield and soil quality and accelerating deficiencies of other nutrients [232]. In the past, it was evident that an increase in food grain production over the years was associated with the application of proportionately higher amounts of nutrients, implying lower nutrient use efficiency of applied fertilizers [233]. Further, higher doses of fertilizers (especially N) are associated with environmental problems such as nitrate contamination in groundwater, eutrophication, and increased greenhouse gas emissions [234]. In some cases, nutrient application imbalance is observed, leading to nutrient mining, reducing productivity and NUE [235]. Hence, the balanced fertilization of macro and micro-nutrients is the prerequisite for the realization of higher productivity [236]. Integrated nutrient management (INM) is the key to reducing fertilizer-derived environmental problems with the enhancement of yield [237] and nutrient-use efficiency [233].



Optimum nutrient availability in plants is the pre-requisite for yield enhancement, which can be met by maintaining good soil fertility. Improving NUE can be achieved by increasing the yield while reducing the losses to the environment by managing the optimum levels of nutrients in the root zone of crops to meet their biological potential. INM practices reduce the losses of N through runoff, volatilization, leaching, and emissions and result in higher NUE [233]. The main principles of INM are optimizing the nutrient inputs considering all the possible sources, matching the soil nutrient supply with that of the crop over space and time, and minimizing the N losses while improving the crop yields [238]. The application of mineral fertilizer and animal manure has been reported to result in a higher and more stable yield in wheat and maize than the application of mineral fertilizer alone with higher mean NUE in a long-term experiment in China [239]. The NUE increased when one-third of the recommended dose of N was supplemented through organics (paddy straw, green gram residues, and sesbania). The sustainability of crop production and soil health could be maintained or improved by the integrated use of organic and inorganic N fertilizers [240].




9.13. Improved Water Management


N and water management have an interactive effect [241] regarding N accumulation, translocation, and partitioning. Excess fertilizer N and irrigation application cause greater N movement along the moving water beyond the root zone, increasing the N losses via leaching [242]. Surface irrigation methods involve water losses that also lead to N losses via seepage or percolation [243]. However, drip irrigation can reduce surface run-off, evaporation, and deep percolation losses while placing water precisely to maintain the optimum level of available soil moisture in the root zone of crops. AEN and PEN increase with an increase in water availability. For example, AEN and PEN values for severe water stress (35± 5% field capacity, FC), mild water stress (55± 5% FC), and adequate water conditions (75± 5% FC) were 4.1, 6.7, and 7.3 kg/kg N and 15.9, 22.6 and 24.7 kg/kg N, respectively [241]. Under low water availability, the release of controlled-release urea was restricted, possibly due to mineral N availability and root activity, resulting in a lower grain yield. Furthermore, the N uptake was reduced under low water availability, causing more fertilizer to be left in the soil rather than absorbed by the crop [244]. With the scarcity of water, subsurface drip irrigation is receiving more attention, especially for row crops. Subsurface drip irrigation reduces the net irrigation requirement with higher yields and NUEs. The reduction in net irrigation can reduce different N losses (deep percolation and runoff) [245] and precise application of N fertilizers as per the time and dose and also due to the uniform application of fertilizer N directly to the crop root zone.




9.14. Sustainable Crop Rotation


Crop rotation is very important for maintaining soil fertility and reducing the incidence of pests and soil pollution. Changing crops in rotation results in changes in soil fertility due to atmospheric N fixation, the application of variable rates of chemical fertilizers, and the incorporation of crop residues [246]. Further, diversifying the rotation has been associated with an increase in organic matter, soil quality, aggregate stability, decreased soil erosion, and reduced emission of GHGs. Crops grown in rotation give greater yield and allow the economic dose of N to be minimized due to the diversification, which results in higher NUE than monoculture [247]. For example, a rice–wheat system significantly improved the REN in rice (50.4%) than a rice–fallow system (31.9%) at 142.5 kg ha−1 of N application. The continuous growth of cereal leads to a reduction in yields and enhances the external application of nutrients. Introducing a legume crop to a cereal-based cropping system can maintain soil fertility and can give stable yields. The authors of [248] reported that the substitution of a rice–wheat system for a rice–potato–green gram system improved the system’s productivity, profitability, and soil health. Including legumes in cropping systems, especially for green manuring, fodder, or grain purposes is an assured agro-technique that improves NUE.




9.15. Crop Residue Management


The intensification of cropping systems to meet estimated food requirements and food security has created a problem in terms of residue management. For instance, in intensive rice-based cropping systems (e.g., double rice cropping systems in China and rice-wheat cropping systems in India), the sowing of the next crop after the wet season rice is generally delayed due to improper residue management because of a lack of alternative uses of crop residues, resulting in burning of residues for sowing of the second crop (rice or wheat) [249,250]. The burning of residues has multiple consequences, such as atmospheric pollution, loss of biodiversity, human health hazards, and GHG emissions, and decreases the return of nutrients such as N, P, and S. The incorporation of crop residues not only leads to the addition of nutrients to soil but also improves the soil properties, increasing productivity and the use efficiency of applied fertilizers [251]. However, a higher C:N ratio of cereal crop residue may lead to the immobilization of fertilizer N in the soil if incorporated into the soil, and the crop may experience temporal N deficiency.



This can be minimized by applying an additional quantity of fertilizer N or by composting crop residues and applying the compost to the soil. Wheat straw is generally used as animal fodder in India and is collected from fields, but rice straw is of limited use, and its management is problematic [252]. Due to labor scarcity, farmers use combined harvesting for the timely sowing of wheat crops. However, loose rice straw after combined harvesting hinders the operation of zero-till seed drill, and hence farmers often burn rice straw. The addition of crop residues to the soil surface or their incorporation enhances the productivity, NUE, and soil health under major cereals such as rice, maize, and wheat [253,254,255]. In a meta-analysis, [256] noted that in situ crop residue retention led to a 5.2% increment in rice grain yield in China. Further, the crop residue retention gave similar yields with 29.4, 8.3, and 21.9% reduced application of N, P, and K fertilizers, respectively, suggesting that a portion of the recommended dose of fertilizer can be saved due to residue retention.





10. Conclusions and Future Prospects


Although N is the most limiting nutrient for agricultural production, its overuse, especially in the form of synthetic N fertilizers, is associated with high losses that pollute the environment and increase the concentration of greenhouse gases, and it is also responsible for human and animal health implications. Therefore, N use efficiency must be improved to supply sufficient N to meet increased food demand and maintain a safe environment. The competent utilization of known N efficient mechanisms and candidate genes can provide new clues for tailoring genotypes that generate optimum yields, thus improving the NUE in light of the forecasted climate change scenarios. Genetic engineering and biotechnological tools should also be integrated into the breeding programs to target particular candidate genes responsible for higher N efficacy. Therefore, genetic engineering and molecular breeding tools (QTLs/candidate genes and MAS) should be combined with modern breeding strategies to achieve genotypes with enhanced N recovery. The adoption of some of the recent agronomic management strategies such as site-specific N management, fertilizers with enhanced use-efficiency, resource-conservation practices, precision farming, and nano-fertilizers can help farmers reduce the environmental losses of N from soil–plant systems, thus improving NUE at the farm level. Therefore, by combining several breeding and agronomic approaches, a balanced way to improve the NUE of cereals, along with maintaining soil fertility and grains with higher yield and nutrient traits, is possible. Hence, a holistic approach is needed to identify and develop cultivars with enhanced N uptake and translocation efficiency to sustain cereal production under climate change scenarios.



Since NUE is a complicated multigenic trait, improving it is challenging. Since CRISPR/Cas9 has mostly been used to study genes’ negative regulators, it is anticipated that other genes of this type will be discovered in the future. For NUE research, it is crucial to advance our understanding of genes, transcription factors, and microRNAs, as well as to clarify the underlying molecular and physiological mechanisms of N routes. The key challenge for breeders and agronomists is to enhance the uptake and utilization of N by the root systems of these targeted cereals to improve NUE, especially under the climate change scenario. Improved agronomic technologies/practices will contribute significantly in this regard; however, breeding approaches have not been fully explored, especially in the case of root traits, one of the most important traits associated with NUE. Therefore, better exploration of root and phenotypic characteristics employing modern genetic approaches can provide scope for NUE improvement. The most useful resource for improving NUE is the utilization of existing genetic variation among germplasm. Unfortunately, limited genetic variation is available in modern germplasm pools, the exploration of which has been limited. Therefore, there is a huge scope to collect the diverse germplasm with higher genetic variation to enrich the genetic pools and explore and identify alleles with higher NUE traits.
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Figure 1. Crop-wise N fertilizer consumption (%). 
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Figure 2. Global N cycle in relation to the soil–plant system. 
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Figure 3. Global synthetic N fertilizer consumption. 
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Figure 4. Nitrogen inputs in ten major river systems in the world [41,42,43]. 
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Figure 5. Interactions between nitrogen dynamics and environmental factors. 
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Figure 6. Factors affecting N dynamics in soil. 
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Figure 7. Molecular breeding for enhancing NUE in cereals. 
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Table 1. Common NUE indices and their values for N fertilizer for maize, wheat, and rice.
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	Crops and Continents
	Number of Sites
	N Fertilizer (kg ha−1) **
	PFPN (kg Grain kg−1 N Applied) **
	AEN (kg Grain kg−1 N Added) **
	AREN (%) **
	PEN (kg Grain + Straw kg−1 Uptake) **





	Maize
	35–62
	123
	72 (6)
	24 (7)
	65 (5)
	37 (5)



	Wheat
	145–444
	112
	45 (3)
	18 (4)
	57 (4)
	29 (4)



	Rice
	117–187
	115
	62 (3)
	22 (3)
	46 (2)
	53 (3)



	Africa
	2–24
	139
	39 (11)
	14 (6)
	63 (5)
	23 (6)



	Europe
	12–69
	100
	50 (6)
	21 (9)
	68 (6)
	28 (6)



	America
	119–231
	111
	50 (3)
	20 (7)
	52 (6)
	28 (8)



	Asia
	161–283
	115
	54 (3)
	22 (2)
	50 (2)
	47 (3)



	Mean
	411
	
	52 (2)
	20 (2)
	55 (2)
	41 (3)







** Value in parentheses is relative standard error of the mean; PFPN: Partial factor productivity of N; AEN: Agronomic efficiency of N; AREN: Apparent recovery efficiency of N; PEN: Physiological efficiency of N.
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Table 2. Different commonly used indices of nitrogen use efficiency, their assessment using the difference method, and their basic uses.
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	NUE Index
	Calculation
	Definitions
	Typical Use and Interpretation





	Partial Factor Productivity (PFPN)
	PFPN = Y/FN
	PFPN is units of crop yield per unit of applied nutrient
	Long-term indicator of NUE trends at various scales. Most important for farmers as it integrates the use efficiency of both indigenous and applied nutrients.



	Agronomic Use Efficiency (AEN)
	AEN = (Y − Yo)/FN
	Agronomic efficiency of applied nutrient is units of crop yield increase per unit of applied nutrient
	Short-term indicator showing the impact of applied nutrients on productivity. As a cross product of PEN and REN, AEN depends on practices that affect REN and PEN.



	Partial Nutrient Balance (PNBN)
	PNBN = U/FN
	PNB is units of nutrient uptake per unit of applied nutrient
	Long-term indicator of trends of NUE that provides more practical information when combined with a soil fertility dataset. The main driver of NS values is the amount of manure excreted and applied per hectare of total agricultural land (farm budget and soil and land budget, respectively). On the other hand, the proportion of imported feedstuffs and the degree to which the agricultural system is specialized toward animal production (farm NUE) are the best explanations for NUE (soil NUE). There is a correlation between total N input, intensive farming, and a focus on animal production, all of which are found to be major contributors to both high NS and low NUE [46].



	Apparent Recovery Efficiency (REN)
	REN = (U – Uo)/FN
	REN is increase in units of nutrient uptake per unit of applied nutrient
	Potential index to evaluate nutrient loss from the cropping system and to access the efficiency of management practices towards NUE.



	Internal Utilization Efficiency (IEN)
	IEN = Y/U
	IEN of a nutrient is units of crop yield per unit of nutrient uptake
	Evaluates nutrient-efficient and -inefficient genotypes in breeding trials. Depends on genotype, environment, and management. High IE suggests a deficiency of that nutrient, while low suggests poor internal nutrient conversion due to other stresses.



	Physiological Efficiency (PEN)
	PEN = (Y − Yo)/(U – Uo)
	PEN is increase in units of crop yield per unit increase in nutrient uptake from fertilizer
	Evaluates NUE among cultivars and other cultural practices in experimental trials. Depends on genotype, environment, and management.







FN—amount of nitrogen applied (kg/ha); Y—crop yield with applied nutrients (kg/ha); Yo—crop yield (kg/ha) in a control treatment with no N; U—total plant N uptake in aboveground biomass at maturity (kg/ha) in a plot that received fertilizer N; U0—total N uptake in aboveground biomass at maturity (kg/ha) in a plot that received no fertilizer N.
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Table 3. Studies comparing sensor-based approaches with other N-management strategies (modified from Colaço and Bramley, 2018).
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Crop

	
Sensor

	
Country

	
Senser Rate

	
Impact

	
Compared

	
References




	
NR

	
Algorism by or Similar

	
N Input

	
PFP

	
Yield (%)






	
Maize

	
CC1

	
USA

	
Yes

	
-

	
−5.7

	
47.3

	
0.9

	
Avg of different rates/pre plant

	
[105]




	
Maize

	
RS

	
USA

	
Yes

	
[106]

	
−41.4

	
69.8

	
−4.0

	
Model/split

	
[107]




	
Wheat

	
CC2

	
Greece

	
Yes

	
[106]

	
−31.0

	
−18.3

	
7.1

	
Framers

	
[108]




	
−38.2

	
64

	
1.1

	
Framers/split




	
Wheat

	
CC1

	
Poland

	
Yes

	
Holland Scientific

	
−5.8

	
4.0

	
−2.2

	
Framers/split

	
[109]




	
Wheat

	
CC2/GS

	
China

	
No

	
[110]

	
−23.2

	
63.6

	
−1.0

	
Framers/split

	
[111]




	
Maize

	
FB

	
USA

	
Yes

	
-

	
−27.1

	
43.3

	
4.4

	
Framers/split

	
[112]




	
Rice

	
GS

	
China

	
Yes

	
[113,114]

	
−31.3

	
48.2

	
1.7

	
Farmers/split

	
[115]




	
Wheat

	
GS

	
India

	
Yes

	
[113,114]

	
−5.1

	
7.1

	
1.7

	
Model/split

	
[116]




	
−2.3

	
11.3

	
8.7

	
Regional/split




	
−13.6

	
36.4

	
17.8

	
Farmers




	
Wheat

	
GS

	
Mexico

	
Yes

	
[113,114]

	
−34.0

	
52.1

	
−0.7

	
Farmers/split

	
[117]




	
Wheat

	
GS

	
USA

	
Yes

	
[113,114]

	
−34.6

	
53.2

	
−0.2

	
Farmers/split

	
[118]








Heading abbreviations: Sensors CC1 (Crop Circle ACS-210), CC2 (Crop Circle ACS-430 or ACS-470), FB (Four-band sensor, Exotech 100BX), GS (Green Seeker), RS (Rapid Scan). NR sensor readings were normalized by an N-rich (NR) reference area.
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Table 4. Effect of leaf color chart (LCC)-based N management on grain yield, nitrogen uptake, and NUE.
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Crop

	
N Management Practice

	
Yield (t ha−1)

	
% Increase in Yield with LCC

	
N Uptake (kg ha−1)

	
AEN

	
REN

	
Place

	
Source






	
Rice

	
LCC ≤ 5, no basal N

	
8.1

	
-

	
149

	
25.9

	
54

	
Modipuram (India)

	
[178]




	
Recommended N

	
6.9

	
17.39

	
127

	
20.7

	
44




	
No N (control)

	
3.8

	
113.16

	
61

	
-

	
-




	
LCC (5), basal N @ 10 kg/ha

	
4.75

	
-

	
65.30

	
33.96

	
57.04

	
Nadia (India)

	
[171]




	
50:25:25 kg N at Basal: MT: PI

	
4.47

	
6.26

	
62.64

	
24.33

	
42.97




	
Zero nitrogen

	
2.03

	
133.99

	
19.68

	
-

	
-




	
Maize

	
LCC < 5.0 from V6-before silking and LCC < 5.5 at silking

	
4.53

	
-

	
-

	
9.2

	
-

	
Pantnagar (India)

	
[181]




	
150 kg N/ha

	
4.09

	
10.76

	
-

	
8.1

	
-




	
120 kg N/ha

	
3.97

	
14.11

	
-

	
9.1

	
-




	
Control

	
2.87

	
57.84

	
-

	
-

	
-




	
Need based LCC < 5.0 (V6 to before R1 stage)

	
6.59

	
-

	
-

	
19.2

	
66.1

	
Ludhiana (India)

	
[182]




	
150 kg N/ha

	
6.47

	
1.85

	
-

	
6.9

	
32.2




	
120 kg N/ha

	
6.52

	
1.07

	
-

	
9.1

	
27.9




	
Control

	
5.43

	
21.36

	
-

	
-

	
-




	
Wheat

	
LCC ≤ 5, no basal N

	
4.8

	
-

	
109

	
18.8

	
45.6

	
Modipuram (India)

	
[178]




	
Recommended N

	
4.1

	
17.07

	
89

	
19.1

	
44.2




	
No N control

	
1.8

	
166.67

	
36

	
-

	
-




	
40 kg N/ha as basal + 80 kg N/ha in two equal splits with SPAD (40)

	
4.48

	
-

	
136.1

	
-

	
-

	
Junagadh (India)

	
[183]




	
40 kg N/ha as basal + 80 kg N/ha in two equal splits when LCC = 4

	
4.33

	
-

	
128.7

	
-

	
-




	
60 kg N/ha as basal + 60 kg N/ha at 25 DAS

	
3.35

	
29.25

	
75.5

	
-

	
-








Note: V6—six-leaf stage; R1—silking stage; MT—maximum tillering stage; PI—panicle initiation stage.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-13-00527


  
    		
      agronomy-13-00527
    


  




  





media/file8.jpg
W Agiculue B8 Nownl W Sewage
15000

10,000

KgNKai? yr'

Amazon  Nile  Zaie Zambesi Rhine  Po  Ganges Chang JiangHuang Ho






media/file11.png
Crop rotation
Tillage operation

Sunlight Plant species

—_— Irrigation | \

1 T
1 Soil incorporation
Ambient temperature and extreme : > Fertilizer application
weather event I /
3 1
1 Activity of soil microorga’-nis Crop
1 Soil pH residues
1 . 1
. Soil temperature I I
1 Y —  Biological nitrogen fixation
1 . 5 I "
| Soil organic -
1 matter 1 s
”

1 ~ y ”
1
« = _ Uptake
e . e e T - N ( i =————  Emission

‘Leaching

b
. B
Wag i .
R T L LA





media/file6.jpg
[ REUTTI ]

120
ms
110 [
2504 @08
v
1139
i s
190
208
os [l 004
o -

World Africa

Asia Europe Oceania
Continent





media/file13.png
Factors affecting nitrogen
dynamics in soil

Physico-chemical factors Biological and

management factors
Soil pH [ Soil salinity Microbial activity ~ |
— Soil texture — Topography of land Plant species =]
— Soiltemperature | o, 2eration and moisture content Crop residue __|
= Soil CEC Fertilizer and compost application Rotation and tillage operation





media/file10.jpg





media/file7.png
Fertilizer consumption in mt

120+
110+
9,
20~

15

B Year 1961

111.59

World

B Year 2022

25.04

Africa America
Continent

63.05

Asia

Europe

Oceania





media/file12.jpg
Sollph

Soitoxure

Sollamporature
Sollcec

Sollsaly
Topography ofand
Sollaratin and meisur conent

Fertizer and compost application

Biologial and

\q Rt/

Wicrobil sty
Plantspecies
Crop resicue

Rotaon and lagecperation





media/file9.png
Kg N Kmi 2 yr'!

15,000

10,000~

5 000

Bl Agriculture

Amazon Nile

Bl Natural

Zaire Zambezi

Bl Sewage

Rhine

River

Po

Ganges Chang JiangHuang Ho





media/file14.jpg
Molecular genetics and breeding for Physiological adoption and
NUE in cereals acclimation of plant

Shoot and source
tissues

Nassimilation and acquisition
by different plant part

)

Germplasm

4

Trait mappingstacking

4

Uptake, translocation and

4'

QrLs/Gene Nuptake for grain and
‘ biomass yield
Improved NUE of Rootand sink tissues

Cereals \J





media/file5.png
N,, NO and N,O emission into

atmosphere
Fertilizer and manures 4
application
Volatizati
Consumption Runoff into el "“’"
water bodies
Soil surface dI
Crogx Deposmon /< Livestock § "'.
|
200060300000
\.._ Decomposutuon / Oa/.
e il Eutrophlcatlon\\O“ o0 /
lMlcroorganism o ~_Water body
> NH; < | Organic N2 <
JAmmW\u
v : -fixing soi
= cteri
‘ NOZ n
{4 Nitrification

—
" N03- |

‘ Leaching

Ground water






media/file15.png
Molecular genetics and breeding for Physiological adoption and
NUE in cereals acclimation of plant

Shoot and source
tissues

N assimilation and acquisition
by different plant part

=

Germplasm
Trait mapping/stacking Uptake, translocation and
" remobilization
QTLs/ Gene N uptake for grain and
biomass yield
Improved NUE of Root and sink tissues

Cereals





media/file3.png
Maize = Rice = Wheat Other cereals
« Oilseeds = Fibre Sugar » Root & Tubers
Fruits = Vegetables « Pasture » Residual






media/file0.png





media/file4.jpg
.7@ o N0 20,0 emision it
Fortize and manures

)
Fa

Volazston

Consumpion Runotin

Sollsursee
o o7
onsos
Oecompostion
Pcroorganiam
NH
frene—
No;.
+ wincaton
== oy
b Losening

Groumater





media/file2.jpg
Maize = Rice = Wheat Other cereals
« Oilseeds = Fibre Sugar = Root & Tubers
Fruits = Vegetables = Pasture = Residual






