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Abstract

:

Nitrogen (N) is essential for sustaining life on Earth and plays a vital role in plant growth and thus agricultural production. The excessive use of N fertilizers not only harms the economy, but also the environment. In the context of the environmental impacts caused by agriculture, global maize improvement programs aim to develop cultivars with high N-use efficiency (NUE) to reduce the use of N fertilizers. Since N is highly mobile in plants, NUE is related to numerous little-known morphophysiological and molecular mechanisms. In this review paper we present an overview of the morpho-physiological adaptations of shoot and root, molecular mechanisms involved in plant response to low nitrogen environment, and the genetic effects involved in the control of key traits for NUE. Some studies show that the efficiency of cultivars growing under low N is related to deep root architecture, more lateral roots (LR), and sparser branching of LR, resulting in lower metabolic costs. The NUE cultivars also exhibit more efficient photosynthesis, which affects plant growth under suboptimal nitrogen conditions. In this sense, obtaining superior genotypes for NUE can be achieved with the exploitation of heterosis, as non-additive effects are more important in the expression of traits associated with NUE.
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1. Introduction


With the growing demand for increased food production and the demand for more economically sustainable agriculture, there is a pressing need to use efficient genotypes in the use of nitrogen (N) in crop fields [1]. From the economic point of view, only 33% of the N applied to the soil is used by wheat, rice, and corn plants [2], resulting in a significant increase in expenditure [3,4]. The excessive use of nitrogen fertilizers causes not only economic damage, but also environmental damage, with soil acidification and water and air pollution [5,6,7]. Damage caused by excessive N use in Europe has been estimated at between $91 USD and $466 USD billion annually. The annual cost of nitrogen fertilizer could be reduced by about $2.3 billion USD if nitrogen uptake efficiency was improved by only 1% [8].



Worldwide, corn (Zea mays L.) alone consumes almost a fifth of the nitrogen produced in the world. According to the United States Department of Agriculture (USDA) [9], in 2020, corn production in the United States (US), China, and Brazil—the three largest grain producers in the world, respectively—corresponded to 64.63% of global production. Additionally, according to data from the Assessment of Fertilizer Use by Crop at the Global Level [10], of all the N used in agriculture (102.50 million metric tons—Mt), the three countries consumed about 39.8% in the cultivation of wheat, rice, soybean, and corn. In terms of N consumption in agriculture, China ranks first, consuming about 24.5% of global N, followed by the United States, with a consumption of 11.5%, and Brazil with a consumption of 3.8%. In China, the highest consumption of N occurs in corn cultivation, with 4.65 Mt of N applied in crop fields, followed by rice (3.90 Mt), wheat (3.40 Mt), and soybean (201 thousand metric tons). In the United States, corn also accounts for the highest consumption of N in agriculture, with a use of approximately 5.58 Mt, followed by wheat (1.56 Mt), rice (201 Mt), and soybean (178 thousand metric tons). In Brazil, similarly, the highest consumption of N in agriculture occurs in corn (1.06 Mt), followed by soybean (266 thousand metric tons), rice (182 thousand metric tons) and wheat (179 thousand metric tons).



Since 1960, the global application of nitrogen fertilizers has increased by 9 times and, in the next forty years, it is expected that there will be an increase of 40 to 60% [11]. Therefore, reducing the consumption of nitrogen fertilizers and the environmental impacts resulting from them, through the cultivation of more efficient N-use genotypes (NUE) is an effective strategy to make agriculture more sustainable from an economic and environmental point of view [12,13]. Nitrogen-use efficiency is a complex characteristic consisting of two main components: N-uptake efficiency (NUpE) and N-utilization efficiency (NUtE), which involve biochemistry, phenology, root architecture, and responses to the environment [14,15,16].



Although nitrogen-use efficiency has been extensively studied in maize, little is known about the molecular mechanisms underlying the plant response to this stress [17]. Such information is important not only for improving plant yields under insufficient nitrogen supply, but also for the development of potential molecular tools for the selection of nitrogen-efficient genotypes. It is believed that there is a diversity of genes involved in molecular mechanisms related to N metabolism [18,19], resulting from the various metabolic processes that this nutrient participates during plant growth and development, namely: uptake, assimilation, recycling, and remobilization [18].



Given the complexity of the processes involved in the efficiency and use of N and the great diversity of metabolic pathways involved, it is necessary to fill the gap in knowledge regarding the morphological, physiological and molecular mechanisms involved in the response to corn tolerance to low N input, so that plant breeding has supported to obtain more efficient genotypes in the use of the nutrient. This review aims to explore corn responses to N-limiting conditions and seeks to give an overview about the morphophysiological and molecular mechanisms underlying this abiotic stress.




2. The Physiological and Morphological Shoot Responses of Maize under Low Nitrogen Conditions


As an essential component of key macromolecules, nitrogen is of great importance to plants [17] and, in maize, it is an extremely important nutrient. N represents up to 5% of the total dry matter [4], and is a constituent of leaf pigments, such as chlorophyll, amino acids, nucleic acids, proteins, and plant hormones [20,21], and plays an important role in photosynthesis. The nitrogen used in all photosynthetic apparatus can be divided into two categories: (i) N associated with enzymes related to CO2 assimilation; and (ii) N present in thylakoids and associated with photochemical efficiency.



Regarding the association with enzymes, N is present in the structure of ribulose-1,5-bisphosphate carboxylase (Rubisco), phosphoenolpyruvate carboxylase (PEPC) and pyruvate orthophosphate dikinase (PPDK), which are directly involved in carbon reduction reactions, and are the most abundant enzymes in the assimilation of CO2 [22].



Regarding the N associated with thylakoids, the nutrient can be distributed between two types of proteins, which are related to bioenergetics-including Cyt b6f and CF1/CF0, involved in electron transport and phosphorylation [23,24]—and those involved in the photosystem I (PSI) and photosystem II (PSII) [light-harvesting complex II (LHCII) and I (LHCI)] [25]. In plants with C4 metabolisms, about 45% of nitrogen is allocated to soluble proteins (20% of which is Rubisco) and 28% to thylakoids. Of this total present in thylakoids, about 75% of N is associated with light-harvesting proteins and the remainder is allocated to bioenergetics [22].



Therefore, the reduced supply of nitrogen negatively affects many aspects of plant growth and development in diverse morphophysiological stages (Figure 1), such as germination, seedling emergence, tillering, flowering, pollination, and ultimately in yield and grain quality [26,27,28,29]. The impact of low N stress depends upon the magnitude and duration of exposure, on the genotype response, soil moisture and status and other environmental aspects. In maize, these negative effects impact plant growth and development in many aspects [30]. At early seedling stage it causes poor seedling establishment [31]. At the beginning of the vegetative development, it affects root and shoot growth, impacting on the acquisition of mineral and water supply, resulting in reduction of leaf area. The prolonged exposure causes reduction in photosynthesis, which directly affects the grain yield by reducing the weight and length of ears [31], the weight of the grains, and the prolificity [32,33].



However, plants have numerous morphophysiological mechanisms to respond to the different stresses to which they are subjected that were obtained through natural or artificial selection [34], and grant them tolerance to unfavorable environments, as is the case of low nutritional availability. In terms of low nitrogen availability, as a positive response, corn—which is a C4 plant—can increase the amount of CO2 available to Rubisco, investing much less N for the synthesis of this protein, which makes the crop more efficient at assimilating carbon per unit of N when compared to rice, for example, a C3 plant [35]. In addition, the low amount of Rubisco in corn allows for greater investment in thylakoid components [36], allowing the crop to perform well in scenarios where N demand is not met. Another important mechanism of low N tolerance is the reduction in the relative content of chlorophyll in leaves for the protection of the photosynthetic apparatus, which, according to Khamis et al. [37] and Lu et al. [38], means an important strategy for the protection of PSII, since the reduction in the content of this pigment reduces the amount of excitation energy in the system that, in a stressful scenario, could generate oxidative damage due to the presence of reactive oxygen species (ROS)—resulting in low values of stay-green.



Regarding the stay-green, the damage caused by ROS in the plant cells directly affects this trait—which was the most important phenotype for breeding selection, particularly for maize—resulting in early leaf senescence [39]. Stay-green is a term used to describe genotypes with a delay in leaf senescence when compared other genotypes. Stay-green has a strong correlation with productivity because higher values for this characteristic translates into greater photosynthetic activity after the flowering period and, therefore, greater production of photoassimilates, positively impacting productivity [40].



In a scenario of adequate N supply, plants use different mechanisms to distribute N among the various metabolic processes in which the nutrient is involved. Among these processes, the remobilization and recycling of N stands out, which, during the reproductive growth, supplies 35 to 55% of the N destined to grains [41,42]. However, in an infra-optimal condition of N supply, this mechanism is disrupted and the N that should be destined to filling the grain will increasingly depend on remobilized N, since the availability of soil N to be absorbed is low. Therefore, yield is reduced to the extent that, at the expense of N remobilization from leaves—as a component of photosynthetic pigments, nucleic acids, etc.—several cell functions are affected, causing damage to the leaves, through reductions in chlorophyll content, Fv/Fm, and photosynthesis activity (measured as CO2 interchange) [43] and to the roots—which has reduced its supply of photoassimilates. All these effects ultimately significantly affect productivity. Therefore, more N-use efficient genotypes with higher values of stay-green have been the focus of improvement programs for the low N condition, since these plants have, as one of the tolerance mechanisms, a more effective absorption of N in an environment of limiting N, reducing the need to activate remobilization mechanisms that would damage photosynthetic processes [44].



Another existing hypothesis about the tolerance mechanisms of maize plants under low N conditions—proposed by Plénet and Lemaire [45] and by Ciampitti and Vyn [46]—is that some genotypes would be able to accumulate luxury N, that is, N which is absorbed during vegetative growth and is stored into storage pools, instead of being used in the increment of biomass. According to the authors, this luxury N would then be used later in a scenario of nutritional deprivation during grain filling, a critical phase for the occurrence of stress in corn. Although later studies have found a strong association between high levels of productivity and the accumulation of luxury N, the mechanisms underlying this response of luxury N uptake and greater shoot longevity, i.e., greater stay-green, have remained unstudied. In order to clarify this response, subsequent studies with 15N isotope tracking sought to quantify the response of maize to the stress of low N availability during grain filling. Paponov and Engels [47], Oliveira Silva et al. [48] and, more recently Nasielski et al. [44], in greenhouse and field experiments proved that during post-silking N stress, maize metabolism adapts to ensure that the necessary N is allocated to the grain at the expense of the N accumulated during the vegetative stage. Therefore, more efficient genotypes with a positive tolerance response to low amounts of N in the soil are more effective in accumulating luxury N in the vegetative stages. In view of the urgent issues related to climate change and the environmental damage caused by agriculture, breeding programs aimed at selecting superior materials for this condition can be highly successful when aimed at evaluating materials that are more efficient for these conditions, so that to reduce the consumption of N.




3. The Root Adaptation of Maize under Low N Conditions


Roots play a crucial role from the initial development of seedlings to harvest, whether under stress conditions or optimal growth conditions, in addition, root plasticity plays a vital role in the adaptation of plants to stressful environments, whether in the acquisition or transport of nutrients [49]. For this, root systems have developed anatomical and physiological strategies to exploit resources in complex environments [50,51]. Corn has an embryonic root system—which includes the primary root/radicle and seminal roots—and a post-embryonic one, which comprises shoot-borne roots, including crown roots (formed below ground) and brace roots (formed at aboveground nodes) [52]. Primary, seminal, crown, and brace roots are also called axial roots, while roots arising from axial roots are called lateral roots (LRs) (Figure 2).



Some corn root system responses have been documented. Lynch et al. [53] proposed a root ideotype called “steep, cheap, and deep” to optimize water and N capture in maize. This ideotype consists of a set of architectural, anatomical, and physiological attributes that promote a quick exploration of more distant soil profiles and better acquisition of nitrate—the predominant form of N acquired by plants, highly mobile and soluble. In this more efficient root phenotype proposed by Lynch et al. [53], regarding architectural attributes, more accentuated angles (in relation to the ground) of root growth favor the exploration of more distant profiles in the soil and, therefore, better acquisition of nitrogen—which, due to its greater mobility when compared to other nutrients— tends to be concentrated on deeper soil layers. Therefore, a greater depth of the root system, that is, a smaller root angle, has a direct effect on the accumulation of plant biomass. Another feature associated with the root architecture proposed by Lynch [53] is the presence de few nodal roots and sparser LR branching which contributes to the reduction of competition between root axes for resources such as carbohydrates (since a greater number of ramifications would require redistribution of carbohydrate between these structures—which represents greater energy expenditure) and available nitrate. This root phenotype has been corroborated by other studies, such as the one developed by Wang et al. [54] who sought to evaluate the influence of nitrate supply availability on root morphology and N uptake efficiency in 5 corn lines. According to the authors, under an N deficient situation, a larger root system with a great root length allowed the plants to explore the deep strata of soil, contributed to the efficient N accumulation. Trachsel et al. [55], evaluating 108 inbred lines of maize in grown in high and low nitrogen under field conditions in the USA and South Africa found that the angles of crown roots were significantly associated with rooting depth—calculated as the depth containing 95% of the root mass, which means that the biggest portion of the crown roots were in the deep soil strata, contributing to a better N acquisition. The study confirms that more accentuated root angles allowed more adapted genotypes, under conditions of N limitation, to potentially explore soil volumes like those genotypes under optimal conditions of N availability, thus avoiding the reduction in grain yield.



Given the large number of characteristics and root phenotypes that affect the search for water and mineral resources in the soil, and the diversity of genetic and molecular mechanisms, it is quite unlikely that genotypes with maximum productive capacity will be reached in breeding programs based on up only on components such as productivity and other secondary characteristics. Despite being rare, breeding programs that employ these characteristics in the search for more adapted root phenotypes are successful [56,57,58].



In terms of the important role of root system adaptation for the maintenance of plants in an environment of low nutritional availability, we cannot fail to highlight the crucial performance of the microbiota present in the rhizosphere for the availability of N to plants. Because the productivity gains in maize cultivation of the last years were achieved through genotype selection in the presence of optimal N conditions, cultivars developed over the years are less and less associated with beneficial microbial communities. In this sense, modern cultivars no longer provide the microbiota with supplies for its maintenance— such as photosynthates and nutrients since, due to the high amounts of N applied, they no longer need these communities [59]. Despite being abundant and composing about 80% of the atmosphere, nitrogen in its natural form is not available to plants since N can only be absorbed in the forms of ammonium (NH4+) or nitrate (NO3−) by the roots (Figure 3).



Therefore, for plant nutrition, it is necessary that the N2 gas be transformed into assimilable forms that can be carried out through biological, industrial or atmospheric fixation. Of these processes, biological fixation is the one that has the best potential to add nitrogen to the soil with the best cost/benefit ratio [60].



In terms of biological fixation, it is well known that plants can influence their microbiome, and this regulation takes place through the ability of plants to send signals into their environment—which can have a positive or negative effect on other plants and members of their microbiome [61,62,63,64,65,66]. The exudates produced by the roots, composed of allelochemicals, have been associated with signaling in the plant-microbiome interaction and the positive response of plants to various environmental stresses [61]. Regarding the low availability of N in the soil, an example is the recent study carried out by Van Deynze et al. [67], who demonstrated that the carbohydrate-rich mucilage produced by the aerial roots of an indigenous maize landrace supports a complex diazotrophic microbiota, enriched for homologs of genes encoding nitrogenase subunits that harbor active nitrogenase activity, and that nitrogen is transferred efficiently from the nitrogen-fixing bacteria to the host plant tissues. These results demonstrate that in addition to the selection of more adapted genotypes in terms of root architecture, plant breeding becomes more effective when genotypes with greater associations with their microbiome are selected.




4. The Molecular Mechanisms Involved in Nitrogen-Use Efficiency in Maize


Below, we highlight other important mechanisms for the tolerance response and efficiency of plants in using available nitrogen in environments with nutrient limitation—such as those related to the acquisition, transport, and remobilization of N.



Nitrogen is a nutrient that has great mobility in plants, so its metabolism involves several processes, including absorption, reduction, assimilation, translocation and remobilization. The genetic differences between nitrogen uptake or productivity per unit of nitrogen applied to the soil have been studied for several grasses, especially those of commercial importance, such as wheat, rice, oats and, mainly, corn. The latter, in general, is one of the most produced cereals worldwide and one that most requires nitrogen fertilizers to increase productivity [68]. However, little is known about the regulation of nitrate assimilation at the molecular and genetic levels in this crop [69]. In this perspective, each process involved in the use of nitrogen has been widely explored, in order to elucidate the routes by which efficient plants in the use of N can avoid the effects of the lack of this nutrient in the soil. Below, each of these steps involved in the use of nitrogen is highlighted, including the molecular mechanisms described in the literature and how they influence plants in the efficient use of N.



4.1. Nitrogen Uptake and Transport


Nitrogen is a limiting macronutrient for plant growth and development [70,71]. Soil nitrogen availability is normally low and can be influenced by factors such as precipitation, temperature, pH and soil type. The form of nitrogen preferred by plants is intrinsically related to their adaptation and soil conditions [72]. Plants can use both nitrate (NO3−) and ammonium (NH4+) as sources of N [8,73,74]. NO3− is the main and most readily available source of nitrogen for most higher plants [75,76], however, NO3− concentrations in soils can be very varied, depending on environmental variations and, therefore, plants have developed several specific adaptations for the uptake of available NO3− [72,77].



Nitrate is actively transported into cells, mainly by the NO3− transcarriers of the NRT family, which depend on the energy supply and electrochemical gradient and are divided into two systems existing in the cell membranes of the roots [77,78,79,80]. One of them is the high affinity transport system (HATS), which is activated when there is a high concentration of nitrate available to the plant. The other, the low affinity transport system (LATS), is activated under conditions of low nitrate concentration [71,72,78,81].



NRT transporters belong to three main families: the first, NRT1—or NPF—contains many genes, which can be divided into 8 to 10 subfamilies in Arabidopsis, which are predominantly low-affinity transporters [71,78,80,82]. The other families—NRT2/NRT3 (NAR2)—play an important role in the high-affinity transport of NO3− [72,80]. As in Arabidopsis, NRTs have been identified in rice, sorghum and maize and show differences in gene numbers and family structure. Studies show that in the corn genome there are four copies of genes of the ZmNRT2 family, namely: ZmNRT2.1, ZmNRT2.2, ZmNRT2.3 and ZmNRT2.5, of which only two were studied: ZmNRT2.1 and ZmNRT2.2, that have about 98% homology in their amino acid sequence [81]. Both are inducible to NO3− in seedling roots, having been found transcripts of the former in the region of the root cortex while, for the latter, in the cortex, stele, and lateral primordia of the roots [83].



For the NRT3 family, two copies of the NRT3.1 gene were described in the maize genome: ZmNRT3.1A and ZmNRT3.1B, both never characterized in maize, but which are strong candidates in the NO3− transport complex [72,84,85] More recently, Wang et al. [86], after analyzing the proteome of two contrasting hybrids for the efficiency in the use of nitrogen, verified the function of the ZmTGA gene and the study found that the gene has an important role in maintaining the tolerance of plants in low conditions. N, giving greater length and area of the root system, greater shoot/root ratio, in addition to lower leaf senescence compared when comparing the mutant with the wild type. TGA transcription factors are a very important group of the bZIP (basic leucine zipper) family [87] and can bind to the -1 (as-1) activation sequence with TGACG as the core and activate or inhibit the translation of downstream target genes, having, therefore, an important role in the defense and response of plants to various biotic and abiotic stresses, such as low nitrogen availability. Furthermore, studies show that plants with overexpression of the TGA1 or TGA4 genes show a significant increase in the nitrate transporter genes NRT2.1 and NRT2.2 [88,89], whose functions we discussed earlier.



Ammonium is also a direct source of nitrogen taken up by plant roots, but, in general, the ammonium content in unfertilized soils is up to 1000 times lower than that of nitrate. [90]. However, efficient ammonium uptake is critical for optimal plant growth and development, as it confers several beneficial effects, such as root density and corn seedling length [91,92] or enhanced H+ proton extrusion, which subsequently acidifies the rhizosphere and leads to increased bioavailability of poorly soluble nutrients such as P or Fe [93]. Therefore, this NH4+ absorption process is expected to be highly regulated under adverse conditions of N availability in the soil.



Whenever the ammonium concentration in the soil solution is low, the contribution of high-affinity transport systems (HATSs) becomes more relevant to the overall ammonium uptake by roots [93]. In general, high-affinity ammonium transport is mediated by AMT1-type ammonium transporters: ZmAMT1; 1a and ZmAMT1; 3, which belong to the ammonium/methylammonium permease/rhesus transporters (AMT/MEP/Rh) [93,94].



The two ZmAMTs confer high-affinity ammonium transport activities and are localized in the plasma membrane of maize root epidermal cells. Furthermore, their gene expressions are induced by ammonium, and one study revealed high correlations with high-affinity ammonium and increased root influx rates [93]. Although ZmAMT1; 1a e ZmAMT1; 3 are likely to be the main components for ammonium uptake in the root, not much is known about their physiological contribution to N uptake and use efficiency [94].




4.2. Nitrogen Reduction and Assimilation


Once incorporated, nitrate is reduced to nitrite in plant cells in a reaction that takes place in the cytosol and is catalyzed by a nitrate reductase (NR) [95,96]. The nitrite is then translocated to plastids and chloroplasts, where it is reduced to ammonium by the enzyme nitrite reductase (NiR). Nitrate-derived ammonium, or that produced by photorespiration or amino acid recycling, is more assimilated in plastids by the GS/GOGAT cycle [97,98].



Ammonium is attached to glutamate to form glutamine by glutamine synthase (GS; family of Gln genes), of which there is a plastid isoform (GS2) and a cytosolic isoform (GS1). In maize, a single gene encodes GS2 (Gln2), while at least 5 genes encode GS1 (Gln1-1 to Gln1-5), which are differentially expressed during development [77,99,100,101].



Glutamate can serve as an amino acid donor to other amino acids and nitrogen-requiring compounds, or act as an amine acceptor in the GS-GOGAT cycle to regenerate glutamine. Plants have two types of GOGAT enzymes—NADH-GOGAT and Fd-GOGAT—which use NADH and ferredoxin as electron donors, respectively [102]. Different parallels of GOGAT show constitutive or tissue-specific activity in plants, including maize [99]. Ferridoxine-GOGAT is localized in leaf chloroplasts, while NADH-GOGAT is expressed in non-photosynthetic tissues, including root plastids [97]. After nitrogen assimilation, glutamine, glutamate and other amino acids, including asparagine and aspartate, are transported by vascular tissues to growing organs [97]. Nitrate and ammonium can also be stored in vacuoles before or after long-distance transport.




4.3. Translocation and Remobilization of Nitrogen


During senescence, leaf proteins and photosynthetic proteins are extensively degraded, becoming a huge source of nitrogen, which plants can exploit to supplement the nutrition of growing organs [97].



During the grain filling period, the absorption and assimilation of nitrogen are often insufficient for the high demand required at this stage, making re-mobilization in the different organs of the plant necessary to direct nitrogen to the seeds [98]. The contribution of this process to supplying N in cereals such as rice, wheat and corn varies according to the cultivar, at rates of 50 to 90% [97]. N remobilization also depends on the environment and is favored under conditions of nitrate limitation [103].



In this sense, glutamine (Gln) is the main amino acid translocated in cereals as a source of N. Therefore, in senescence, glutamine concentrations increase in the phloem sap, being remobilized to the reproductive organs. In this process, GS and GOGAT enzymes are important for the remobilization and reuse of N in senescent and developing organs, respectively [80,104]. Some studies have shown that GS1-1 is responsible for this process and that NADH-GOGAT1 plays a key role in the reuse of Gln transported in the developing organs of rice [104,105]. In maize, wheat, and barley, grain N content is correlated with senescence of flag leaves and appears to play a significant role in N availability for grain filling [72,100,105].





5. Maize Improvement for Low N Conditions


The development of genotypes tolerant to low N conditions along with the adoption of improved agronomic practices—as reduction of nitrogen fertilizers applied in crop fields—are required to sustain corn productivity under the negative effects of climate changes. Recent advances in plant breeding for improving corn tolerance to low N conditions, thus harvesting better yields under infraoptimal conditions of N in the soil, are discussed below.



The Conventional Breeding Approach and the Genetic Basis of Nitrogen-Use Efficiency under Conditions of Limited N in Soil


The development of superior varieties for N use is the most viable and efficient strategy to mitigate the negative effects of climate change—which increasingly requires the development of a sustainable agricultural model. Therefore, one of the initial steps in breeding for N-use efficiency involves testing candidate environments and genotypes, then selecting superior varieties. The selection process can be effective for traits that are highly heritable and positively correlated with high productivity under conditions of N limitation [106,107]. However, for the most part, the traits that contribute to grain yield and productivity are of a polygenic nature and have relatively low heritability, making direct selection difficult [108,109]. In these cases, the use of secondary traits with positive correlation with productivity can serve to assess gains in the selection process. As we mentioned in Topic 2.2, different are the responses of plants under infra-optimal conditions of N availability and, given the advances achieved in plant phenotyping in recent years, evaluating a greater number of secondary characteristics has been less challenging.



Therefore, several breeding programs have sought to evaluate secondary characters that are shown to be associated with higher productivity in maize under low N conditions [110], such as photosynthetic rate, relative content of pigments (such as chlorophyll, flavonoids and anthocyanins), chlorophyll fluorescence, stay-green duration and other traits associated with plant growth. Regarding foliar pigments, several studies with abiotic stresses have pointed to the effectiveness and speed of the evaluation of these parameters, which can be carried out with the aid of portable meters that use non-destructive methods for evaluation [58,111]. Portable chlorophyll meters have been applied in the diagnosis of N status in maize and the significant relationship between chlorophyll meter readings and N status as well as productivity of maize plants has been well documented [112,113,114,115,116,117]. Parameters associated with leaf gas exchange and chlorophyll fluorescence have also proven to be powerful tools to monitor the photochemical efficiency of leaves because they are reliable, non-destructive and can be obtained in vivo to assess important physiological phenomena that have a high correlation with maize productivity under optimal conditions and deprivation of N in the soil, according to results demonstrated in some studies [37,118,119].



Once the stages of selection of superior genotypes for limiting N conditions have been advanced, defining the strategy that will guide the breeding program is crucial for obtaining adapted varieties. In this sense, studies aimed at understanding the genetic control of target traits (and correlated with productivity, as we discussed) are important to understand how to increase the frequency of favorable alleles associated with these traits, as well as assist in the selection of the best genotypes parental. In this sense, several key traits have been studied to understand genetic control, tolerance and nitrogen use efficiency in maize (Table 1), in order to guide crop improvement programs regarding the most appropriate improvement methods for gains in productivity [120].



Studies conducted in recent years on common corn and popcorn (Zea mays everta), using classical and molecular genetic approaches, have shown that the inheritance of traits linked to tolerance to low N and efficiency in the use of nitrogen can be additive or non-additive, linked to dominance and/or epistasis effects. Through classical approaches, such as diallel analysis or generation mean analysis, authors show that grain yield and yield-related traits—such as length and diameter of the ear, number of grains per row, number of rows of grain and one hundred grains weight, protein content, etc.—are controlled mostly by non-additive effects, either under optimal or nitrogen-limiting conditions [2,29,122,123,124,125,126]. In a recent study, for example, Amegbor et al. [127] valuated 100 corn hybrids under optimum and limiting nitrogen conditions and, through combinatorial analysis, obtained estimates of the general (GCA) and specific (SCA) combining abilities for traits associated with phenology (days for male and female flowering and interval between flowering) and plant architecture as well as productivity and secondary characters. According to the authors, GCA e SCA varied for grain yield demonstrating the importance of additive and non-additive genetic effects for the hybrids evaluated under contrasting N conditions. Even though significant variations were detected for GCA and SCA, GCA which is the additive gene action component mainly controlled the heritage of grain yield under both conditions [127].



In terms of efficiency indices in the use of nitrogen and its secondary components—NUpE and NUtE-DoVale et al. [123] and Mastrodomenico et al. [121] report a greater contribution of additive effects on these characteristics with the others reporting a greater contribution of additive non-additive effects in common corn [125,126] and in popcorn [29,128], for example. In a work developed by Souza et al. (2008), thirty-one corn genotypes (28 crosses between commercial hybrids and three controls) were evaluated in soils with high and low N application rates. The authors found that in corn grown in soil with high N content, the GCA and SCA were significant for grain yield, NUE and NUpE. In corn from soils with low N content, only GCA, in NUpE, was significant. As for NUte, GCA and SCA were not significant in any of the environments. Thus, the authors concluded that for the conditions studied, the additive and non-additive genetic effects are responsible for the genetic control of NUE and grain yield in maize cultivated in soils with high availability of N. Riache et al. [129], evaluating diallel hybrids of Alegrian varieties of corn under two contrasting N conditions—optimal and infraoptimal—proposed that for the evaluated characteristics (plant height, interval between flowering, productivity, etc.) the best method to assess significant gains would be by exploring the interpopulation recurrent selection method (or reciprocal recurrent selection), since additive and non-additive effects contributed to the expression of genotypic variation in the studied material.



For popcorn, a crop of significant commercial importance [58], although studies aimed at elucidating the inheritance and genetic control of important traits are less expressive [120,130,131,132,133,134,135,136], especially when it comes to abiotic stresses as it is the case of low N availability. In this perspective, Santos et al. [29] evaluating 90 hybrids from a complete diallel, under contrasting N availability conditions, for two indices of N use efficiency, grain yield and popping expansion, concluded that both additive and non-additive gene effects were important for selection for NUE. Moreover, the authors also concluded that there was allelic complementarity between the lines and a reciprocal effect for NUE, indicating the importance of the choice of the parents used as male or female. Considering the mentioned studies, the exploitation of heterosis is still the most viable alternative from an economic and sustainable point of view to obtain more tolerant and efficient genotypes in the use of N and, consequently, more productive.



However, not departing from the quantitative nature of the inheritance of essential traits related to low N tolerance, such as those mentioned above, genomic prediction (GP) has been applied to explore the additive effects in order to improve the response of maize to environments with low N availability (Table 1). Ertiro et al. [110], using GP to explore these effects on traits such as grain yield, flowering, plant height, ear height, and number of ears per plant, found prediction accuracies ranging between 0.24 and 0.67.





6. Conclusions and the Way Forward


Over the past few years, researchers have shed light on the complex genetic architectures and regulatory mechanisms involved in the nitrogen use efficiency in corn. There are several adaptive responses of maize in conditions of low nitrogen availability, which involve complex pathways of absorption, transport, remobilization, and recycling of the nutrient. However, several key traits can be used in order to select genotypes more efficient, but the use of methodologies that also explore the root phenotype can help to achieve even more satisfactory results in corn productivity for environments with limited nitrogen.



The traits related to tolerance or efficiency in the use of N are governed by multiple genes with mostly non-additive effect, which allows breeding programs to develop more efficient genotypes by exploiting heterosis in the release of hybrids. superiors. However, the possibility of advances in intrapopulational recurrent selection programs should not be ruled out, so that the frequency of additive effect genes can be increased, which also have some contribution to the expression of traits associated with tolerance and efficiency in the use of N.



With advances in the research topics presented in this review, the complex network of responses associated with corn tolerance and/or efficiency to low N soil conditions may be the subject of future studies. Undoubtedly, this acquired knowledge will help to improve the development of new corn cultivars that can adapt and resist the challenges presented by the need to reduce nitrogen fertilization in crop fields.
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Figure 1. Schematic diagram showing impacts of plants to low nitrogen stress. 
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Figure 2. Maize embryonic (a), early post-embryonic (b) and adult post-embryonic (c) root systems are represented. (a) The primary root and seminal roots initiate from the embryo. (b) Lateral roots initiate from primary root and seminal root, while crown roots initiate from the stem. (c) The root system of adult maize is comprised of numerous crown roots and their lateral roots, which goes through several branching orders. The different root organs are terminated by root hairs. The scheme also demonstrates structural brace roots that start above-ground. 
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Figure 3. Summary of the industrial, atmospheric and biological N fixation. 






Figure 3. Summary of the industrial, atmospheric and biological N fixation.



[image: Stresses 03 00011 g003]







[image: Table] 





Table 1. Genetic parameters for traits associated with maize under limiting nitrogen conditions.
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Species

	
Traits

	
Type of Inheritance

	
Population

	
Number of Environments

	
Method

	
Authors






	
Zea mays everta

	
Grain yield and two NUE indices (Harmonic Mean of the Relative Performance and Agronomic Efficiency under Low Nitrogen Availability)

	
Additive and non-additive effects

	
90 temperate/tropical hybrids

	
2 environments and 2 N conditions

	
Classical (SCA and GCA)

	
Santos et al. [29]




	
Daily growth, shoot, root and total dry weight, root shoot ratio, NUpE, NUtE and NtrE efficiencies, lateral and axial root length, root surface area and root volume

	
Non-additive effects

	
2 F1 hybrids, F2 and backcross

	
1 environment and 2 N conditions

	
Generation Mean Analysis

	
Almeida et al. [2]




	
Z. mays

	
Grain yield, anthesis date and silking interval, plant height, ear height and position, ears per plant and senescence

	
Polygenic

	
411 testcrosses tropical hybrids

	
9 high N and 13 low N sites

	
Genomics (GWAS and GP)

	
Ertiro et al. [110]




	
Grain yield, harvest index, nitrogen harvest index, grain protein concentration, NUE, NUpE, NUtE and genetic utilization

	
Polygenic

	
89 ex-PVP germplasm and 2 public lines (B73 and Mo17)

	
11 environments from (location - year, 2011 to 2016)

	
Classical (GCA, SCA) and genomics (GP)

	
Mastrodomenico et al. [121]




	
Grain yield and yield related traits (ear length, ear diameter, cob diameter, and grain size)

	
Non-additive effects

	
55 tropical hybrids

	
2 environments and 2 N conditions

	
Classical (SCA and GCA)

	
Guedes et al. [122]




	
Shoot dry weight, lateral and axial root length, NUE and its components (NUpE and NUtE)

	
Additive effects

	
41 hybrids

	
1 environment and 2 N conditions

	
Classical (SCA and GCA)

	
DoVale et al. [123]




	
Grain yield

	
Non-additive effects

	
105 tropical/ subtropical hybrids

	
Two trials under high and low N conditions each

	
Classical (SCA and GCA)

	
Makumbi et al. [124]




	
Grain yield, NUE and its components (NUpE and NUtE)

	
Additive and non-additive effects

	
28 hybrids

	
1 environment and 2 N conditions

	
Classical (SCA and GCA)

	
Souza et al. [125]




	
Partial factor productivity, agronomic nitrogen use efficiency, grain nutrient utilization efficiency and protein content

	
Additive and non-additive effects

	
15 hybrids

	
2 N conditions and 2 years

	
Classical (SCA and GCA)

	
Riache et al. [126]








SCA: Specific combining ability; GCA: General combining ability; GP: Genomic prediction; PVP: Plant variety protection.
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