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Abstract

:

Nitrogen (N) deficiency is one of the most common problems in soils, limiting crop growth and production. However, the effects of N limitation in seedlings on vegetative growth remain poorly understood. Here, we show that N limitation in rice seedlings restricted vegetative growth but not yield. Aboveground parts were affected mainly during the period of tillering, but belowground parts were sensitive throughout vegetative growth, especially during panicle development. At the tillering stage, N-limited plants had a significantly lower N content in shoots, but not in roots. On the other hand, N content in roots during the panicle development stage was significantly lower in N-limited plants. This distinct response was driven by significant changes in expression of N transporter genes during growth. Under N limitation, N translocation from roots to shoots was greatly sped up by systemic expression of N transporter genes to obtain balanced growth. N limitation during the seedling stage did not reduce any yield components. We conclude that the N condition during the seedling stage affects physiological responses such as N translocation through the expression of N transporter genes.
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1. Introduction


Nitrogen (N) fertilizers are essential for crop growth and productivity [1]. In rice cultivation, the benefits of an appropriate split N topdressing are well documented and include mitigated N loss, improved N use efficiency [2]; improved photosynthesis efficiency, enhanced matter production capacity [3]; and increased number of spikelets per unit area and, ultimately, increased yield [3,4,5]. Insufficient N application at any growth stage leads to negative effects on growth and development, thus, affecting yield [6,7,8]. In the early growth stage, an inappropriate supply of N causes a failure to achieve vigorous seedling establishment [6]. Moreover, inadequate N supply at either the tillering and/or heading stage results in slow growth, less productive tillers, poor grain filling and reduced yield [8,9,10]. In fact, N deficiency is being repeatedly experienced by all plants [11]. The physiological effects of N deficiency have been intensively studied in many crops, along with the underlying molecular basis [12,13]. However, little is known about the possible impact of N limitation experienced by seedling plants on subsequent vegetative growth, and in turn yield in rice.



NO3− and NH4+ are the two main inorganic N forms in soils; NH4+ is the main N source and the preferential form for rice in flooded environments [14,15]. N uptake by rice roots is mediated by nitrate transporters (NRTs) and ammonium transporters (AMTs). In rice, there are two families of NO3− transporters (NRTs); these transport nitrate, nitrite, amino acids, peptides, phytohormones, and glucosinolates [16,17]. More than 80 NRT1/PTR (NITRATE TRANSPORTER 1/ PEPTIDE TRANSPORTER) and 4 NRT2 transporters, but only a few members, have been characterized [18,19,20]. OsNRT2.1, OsNRT2.2, and OsNRT2.3a are transcriptionally upregulated by NO3− supply and need to interact with OsNAR2.1, which is an interacting partner protein of OsNRT2s required for nitrate uptake, while OsNRT2.3b and OsNRT2.4 can function independently without OsNAR2.1 [18,19,20]. Knockout of OsNRT2.4 did not affect rice growth or N uptake under conditions without N or with only NH4+ supply [21]. NH4+ transporters are responsible for membrane transport of NH4+ in plants. Rice expresses at least 10 putative AMTs in 4 groups; however, only limited information about expression patterns, localization, and transport activity is available under field conditions [22,23]. OsAMT1.1 contributes significantly to NH4+ uptake under both low and high NH4+. A loss-of-function OsAMT1.1 mutant significantly decreased total N transport from roots to shoots and repressed rice growth under low NH4+ [24]. OsAMT1.2 was induced by NH4+ exclusively in roots, while OsAMT1.3 was induced by N deficiency in roots [22]. OsAMT2.1 was constitutively expressed in both roots and shoots irrespective of N supply, whereas OsAMT3.1 expression was relatively weak [23].



In plants, stress memory refers to the ability of plants to remember past incidents and to use it for adapting to new challenges [25]. Accumulating evidence shows that pre-exposure to stress such as drought [26], heat [27], and osmotic stress [28] lead to alteration of the plant’s subsequent stress response, normally by producing a faster and/or stronger reaction as an adaptive strategy. For example, a short duration of drought caused Arabidopsis plants to wilt under the dehydration stress and then quickly recover after rehydration during a second drought stress, implying existence of stress memory, which improved their resistance to drought to achieve optimal growth [26]. However, the effect of stress memory in the agriculture field is a gap. As N deficiency occurs repeatedly, it raises the possibility that N stress memory experienced by seedling plants may also affect subsequent responses at a later vegetative stage. A comprehensive analysis of the changes in physiological and molecular N uptake and transport in rice plants that experience N limitation during the seedling stage would be partially helpful to understand this knowledge gap.



Thus, the objectives of this study were to examine (1) the effect of the N condition at the seedling stage on N accumulation and vegetative growth and (2) its relationship to the expression of N transporter genes.




2. Results


2.1. Analysis of Rice Growth at Different Growth Stages


NH4+ is a primary N source and is preferentially taken up by paddy rice under the anaerobic conditions in flooded soil [9]. Here, we used NH4+ as a single N source to address the influence of the N condition during seedling development on the following growth stages in rice. We analyzed results at four dates: immediately before and 6 days after N topdressing at both tillering (stages I, II) and heading (stages III, IV). The SPAD value (leaf green color), plant height, and root dry weight were significantly lower in low-N plants (1/3 N of the control) than in the control plants during tillering (I, II), but shoot dry weight was generally not significantly different (Figure 1). Above ground, control plants seemed to be more vigorous during tillering, and low-N plants showed typical deficiency symptoms—restricted shoot growth (Figure 1A), pale green leaves with lower SPAD values (Figure 1B), and less dry biomass production (Figure 1C). However, these parameters at heading stage (III, IV) were not affected by low-N treatment of seedlings (Figure 1A–C). Therefore, we expected more complex root growth in low-N plants at tillering (I, II). Instead, root systems were compromised, with a significant decrease of biomass in low-N plants at all growth stages (Figure 1D). Thus, shoots and roots responded differently to N availability to seedlings during vegetative growth.




2.2. Accumulation of N in Shoots and Roots at Various Growth Stages


To reveal the responses of shoots and roots during vegetative growth to seedling N condition, we analyzed the N contents at stages I, II, III, and IV. Leaves had a significantly lower concentration of N in low-N plants than in the control at tiller initiation (I) (Figure 2A), which indicates a physiological effect of N limitation at the seedling stage. However, there was no distinguishable difference at the later stages (III, IV). Moreover, there was a sharp decrease in N content from tillering (I, II) to panicle development (III, IV). Roots, in contrast, accumulated more N in both control and low-N plants during panicle development (III, IV) (Figure 2B). There were no differences in N accumulation between control and low N plants during tiller development (I, II), but N accumulation was significantly higher in control roots than in low-N roots at early panicle formation and heading (III, IV). These results provide strong evidence that rice growth during the vegetative stage is affected by the N environment experienced by seedlings. The reduced N input during the seedling stage affected aboveground organs more during tiller development (I, II), but belowground parts more later (III, IV). To explore the molecular mechanism of this process, we examined the transcript levels of N transporter genes in leaves and roots at each growth stage.




2.3. Gene Expression of N Transporter Genes


We measured the expression of genes for ammonium transporters (OsAMT1.1, 1.2, 1.3; OsAMT2.1, 2.2, 2.3; and OsAMT3.1, 3.2, 3.3) and nitrate transporters (OsNRT2.1, 2.2, 2.3, 2.4) in leaves and roots during vegetative growth. In leaves, the expression of the AMT genes changed significantly during the growth stages. Notably, most AMTs had low transcript levels in low-N plants throughout the growth stages (Figure 3). Many AMTs can be induced by NH4+ and repressed by N starvation [22,23,24]; however, the expected induction of AMTs by the supply of NH4+ in the first topdressing did not occur at the tiller development stage (II), and expression instead reached a minimum in both control and low-N plants. These genes were upregulated during panicle development (III, IV) (Figure 3), but expression was still low in low-N plants. The expression of NRT gene transcripts was similar, being low in low-N plants during tillering (I, II), indicating a correlation between gene expression and N content in leaves during tiller development. The expression of N transporters in later stages (III, IV) was low in low-N leaves, and therefore we expected the N content to be low, but leaf N content was equivalent to that in control leaves (Figure 2A). Thus, the promotion of N uptake in roots might be the cause of this phenomenon.



The expression of N transporter genes in roots also changed greatly during the growth stages (Figure 4). Interestingly, there was almost no difference in the levels of AMT transcripts between control and low-N plants during tiller development (I, II), unlike in shoots. During panicle development (III, IV), many AMT and NRT genes had higher expression levels in low-N plant roots than in the control (Figure 4). Thus, these results imply that N limitation in seedlings promotes N uptake by upregulation of N transporter genes in roots and its rapid translocation to shoots to achieve an optimal nutrient balance and promote growth later.





3. Discussion


N deficiency restricts plant growth and crop production. Many attempts have been made to analyze the expression of N transporter genes in response to N deficiency in young seedlings in rice [18,22,23,24,29], maize [30,31], and millet [32]. Here, we analyzed the effect of seedling N condition on the expression of N transporter genes in relation to subsequent vegetative growth in rice.



It is well documented that N availability determines many aspects of morphology, physiology, gene expression, and metabolites in rice [33]. We found that low N caused growth retardation during tiller development (I, II) but no difference later (III, IV) (Figure 1A–D). One explanation is that standard N topdressing of both control and low-N plants at the tiller initiation (I) and early panicle formation stages (III) could enhance later growth as a result of compensation and/or N stress memory effect. This rapid growth, achieving a similar plant height and aboveground dry biomass production in rice plants after N limitation during the seedling period, might partially compensate for the loss of nutrients under stress. These results showing the robust response of low N plants also implicate the existence of nutrient deficiency memory in agricultural fields, which has a similar effect as other abiotic stresses such as drought and heat [26,27]. In contrast to aboveground parts, root biomass production was decreased in low-N plants throughout subsequent growth (Figure 1D), so compensation did not work effectively in roots. It is noted that N deficiency affected dynamic growth of both shoots and roots. In the early vegetative stage, N deficit increases the root:shoot biomass ratio, presumably due to sustained investment in roots for N foraging to achieve balance with that of the control plant (data not shown). Thus, growth rates of Low-N plant roots is expected to be relative to shoot growth. At a later stage, the significantly low production of root biomass of low N plants over the time and the marked increase of the root:shoot ratio (stage II to III) implies that shoot growth was preferential by contrast to root growth of low N plants to obtain similar whole plant growth. Yet, these results raised the question of why the root dry weight was decreased, when plants are seen to develop a more extensive root system as a typical morphological response to low N in the short term [33,34]. To answer this question, we predicted that low N triggers a strategy of adaptation toward N starvation in both shoots and roots, manifested as the prompt remobilization of stored N and its transport via N transporter genes from roots to shoots. This hypothesis was confirmed by the analysis of the relationship between N content and the expression of AMTs and NRTs in both shoots and roots (Figure 3 and Figure 4). Plants respond to nutrient deficiency by inducing or repressing different sets of genes at specific times [35]. AMT and NRT genes were upregulated in roots and downregulated in shoots of low-N plants (Figure 3 and Figure 4), in contrast to N content in each organ. This shows that N was indeed transported from roots to shoots later. The upregulation of AMT1.2, AMT1.3, and NRT2 (high affinity nitrate transporter) genes in low-N plant roots at stages III and IV (Figure 4) indicates that N uptake was enhanced by up-scaling transporter expression. Therefore, we expected N accumulation to be higher in low-N plant roots owing to the induction of transporter genes, but instead it was significantly lower. In shoots, downregulation of those genes (Figure 3) and a similar N accumulation between low-N and control plants (Figure 2A) at the later stage support the conclusion that low-N conditions promoted not only N uptake but also prompt translocation from roots to shoots. These results reveal that a systemic response may allow low-N plants to optimize N allocation so as to achieve optimal shoot growth in a strategy for adaptation to N limitation. Moreover, significant changes in the expression of AMT and NRT genes during the development of tillers (I, II) and panicles (III, IV) suggest that they have different roles at each stage. For example, the expression of OsAMT1.3 and OsNRT2.1 is induced by N deficiency [22,23,29], but we found that these genes showed different expression patterns at tiller initiation (I), which is most likely influenced by the effect of N limitation during the seedling stage. Moreover, their expression was marked, particularly during panicle development (III, IV), in the roots of plants that received normal N (Figure 4), implying that low-N treatment during the seedling period has long-lasting effects at the morphological, physiological, and molecular levels. Based on these results, the systemic but not local effect of N limitation experienced by seedling stage at root level was exhibited. In contrast to rice, NH4+-fed Arabidopsis plants failed to express systemic responses to localized N limitation in terms of stimulation of N uptake and lateral root growth, suggesting a local signal in regulation of NH4+ acquisition [36]. A split root experiment would be ideal to reveal a positive feedback whereby the promoted response at the vegetative stage induced by seedling N deficiency would lead to an increase in plant N uptake mediated by a systemic signal in rice.



Another explanation of the continued retardation of root growth in low-N plants even after N application (I, III) is the involvement of hormone accumulation, especially auxins. It is well documented that auxin plays a crucial role in initiation, emergence and development of lateral roots (LRs) mediated by auxin transporters that facilitate the distribution of indrole-3-acetic acid (IAA) between sink and source tissues [37,38]. We reasoned that the smaller root system might be due in part to a reduction in auxin accumulation, resulting in the inhibition of LR formation and thus low dry matter production. Differential distribution of auxin caused by N treatment in roots of two different NO3− responsive-rice cultivars showed the stimulation of LR growth by greater auxin accumulation was enhanced in response to NO3−, not NH4+, and localized treatment with NH4+ decreased IAA level, with the consequent failure to stimulate LR growth in rice [39]. Moreover, our result is consistent with a result in millet grown under limitation. The result showed a small root system with a significant decrease in total root length, number of crown roots and LRs and density, and significantly lower auxin concentration in both shoots and roots [40]. Thus, in our study, N limitation during the seedling stage may generate a systemic repression of lateral root growth during vegetative growth, resulting in low production of dry biomass. However, other underlying mechanisms are also possible. Further effort is needed to explore how growth and development are regulated.



Besides the significant changes in N transporter gene expression in low N rice roots, we also noticed these changes in the control plant roots that received normal N supply across growth stages (Figure 4). Arguments that could be taken into account include distinct expression of the root zone-specific localization of the N transporter, especially AMTs, which may affect N uptake via N transport pathways and N allocation to shoots. It is accepted that apart from N availability, the expression of nitrogen transporter genes is tightly linked to tissue and development patterns [30]. In rice roots, the epidermis-expressed OsAMT1.1 and OsAMT 1.3 and the endodermis-expressed OsAMT1.2 control uptake of NH4+ via the symplastic and apoplastic transport pathway, respectively [22]. Furthermore, cell type-specific localization of NRTs is associated with their expression and function in N signaling [40,41]. The tonoplast-localized OsNRT1.1A displays an NH4+-induced expression pattern and serves as an intracellular platform to facilitate the nuclear localization of NLP transcription factors, which play a central role in activating the expression of N utilization related genes [41]. While plasma membrane-localized OsNRT1.1B shows a NO3− induced expression pattern, which enhanced NO3− uptake and root-to-shoot transport and upregulated expression of NO3−-responsive genes, contributing to nitrate-use divergence between rice subspecies [40]. Thus, the distinct cell type-specific expression of individual N transporters in roots may enable them to express their different functions associated with N uptake and transport along growth stages. NH4+ fertilizer is quickly absorbed by root and rice roots are exposed to partial NO3− nutrition by nitrification in the rice rhizosphere, resulting in the expression of NRTs. In addition, to respond to external N availability and the internal plant N status, N transporter gene expression is tightly controlled in roots by multiple regulatory mechanisms [22,23,42]. For instance, NH4+ and NO3− regulate NH4+ uptake activity of AtAMT1.3 via phosphorylation [42] or phosphorylation of some N transporter genes (AMT1.1 and NRT1.1 by CIPK23) to modulate their activity in response to the N condition, or epigenetic regulation through histone methylation to repress expression of the high-N-induced AtNRT2.1 [13,43,44]. In our study, given the effect of N stress memory, it is a high possibility that epigenetic regulation such as DNA methylation and/or histone modification may be involved in regulation of expression of N transporter genes for N absorption and translocation.



It has long been known that nitrogen deficiency results in an accumulation of carbohydrates in leaves and roots, and modifies the allometric response of shoots and roots [45,46]. The different responses of shoots and roots to N status during the seedling stage suggests that low N plants exhibit a bias toward aboveground allocation, because root growth is more severely suppressed than shoot growth in all growth stages. Before topdressing, it is commonly assumed that low N plants put more energy into root growth for N foraging [45,46]. After topdressing, the allometric relationship of shoot and root growth seem unaffected by changes in N supply during the tillering stage (stage I, II) (Figure 1). However, it is likely that faster development of shoots of low N plants indicate more energy allocation toward the shoot to obtain balanced growth during the panicle development stage.



Good seedling establishment is important for productivity and profitability of rice [47]. Since N accumulation in aboveground parts was comparable between low-N and control plants during panicle development (Figure 1 and Figure 2A) and N uptake during the vegetative growth stage contributes to the reproductive and grain filling stages via N translocation [48], we speculated that this explains the similarity in yield. There were no significant differences in yield and the yield components (percentage of ripened grains, grain number, and 1000-grain weight) between the treatments (Figure 5), suggesting that low N during the seedling period affects vegetative growth but not yield. Studies of the effects of N application during rice seedling establishment on grain yield show that high or stable yield can be achieved with less N input at the seedling stage, in particular in direct-sown rice [49,50,51,52]. Since direct sowing offers promise in place of transplanting in single rice cropping owing to its lower N requirement [49], this result will be helpful for rice production strategies.



In several crop species, the source–sink relationship is influenced by many factors such as nutrients, irrigation, light, defoliation [53,54,55]. Basically, roots are the source of inorganic N and are sinks for carbon (C), while leaves are often the major sink organs for N and sources of C [53]. Normally, sink–source balance is required for optimal growth and development of plants. In our study, by removing tillers to leave only the main stem, an artificial detillering system with less nutrient demand and a shortage of carbon might be created, and the sink–source relation may also be altered, possibly affecting the plant’s response to N. In response to this alteration, reduced whole-plant photosynthesis on plant function and decreased allocation of carbon to roots was often seen [56]. Moreover, removal of shoot biomass means N sink tissues are reduced, which may upregulate N storage in other parts of the plant such as in culm, which may play a role in plant recovery after grazing [57]. Root respiration and nutrient acquisition may also be reduced following defoliation [58]. Therefore, it is believed that a new adaptive sink–source balance, and probably a concomitant defect in N sink–source transition, was reestablished after cutting for ensuring steady-state growth. In response to nutrient limitation, it was also reported that respiration, nutrient absorption and allocation of C to roots were maintained or even increased, following removal/defoliation [59]. However, in our study these responses disappeared instead of a more severe level of reduction since significantly defective root biomass was exhibited in low N plants at all growth stages. The alteration of plant functioning due to the massive removal of aboveground biomass should also be one reason for this reduction in roots as described above. In addition, we do not rule out the possibility that a small additional N supply could be sufficient to support biomass to obtain a similar growth between low N and control plants at later stages since less demand of nutrients may be created.



Our study thus concluded that seedling N condition affects N translocation through the expression of N transporter genes at later vegetative stages as an adaptive strategy. This result can be extrapolated if this behavior is transmitted to the next generations. As an acquired adaptive trait exists, which in turn, is of potential benefit for practical agricultural systems.




4. Materials and Methods


4.1. Plant Material and Growth Conditions


Seeds of rice (Oryza sativa L.) ‘Nipponbare’ were germinated in the dark at 27 °C, sown in sterile sand in a glasshouse, and watered with distilled water. We planted three 15-day-old seedlings in 1/5000-a Wagner pots and grew them under field conditions at Kyushu University (33°67′ N, 130°42′ E). To minimize the inconsistency in mobilizing assimilates and nutrients among tillers and the possibility of indirect effects of the sink–source balance caused by differences in the number of tillers, all fully developed tillers were removed as they appeared to leave only the main stems. By removing tillers to leave only the main stem, an artificial detillering system with less nutrient demand might be created and the sink–source relation may also be altered, affecting plant growth rate. However, it was also reported that respiration, nutrient absorption and allocation of C to roots were maintained or even increased, following removal/defoliation of plant grown on nutrients [59]. Moreover, plants have evolved sophisticated mechanisms in response to changing environmental conditions; therefore, it is believed that a new adaptive sink–source balance was reestablished after cutting for ensuring their growth.




4.2. N Treatment


We used ammonium sulfate ((NH4)2SO4; 21% N) as the N source, which was applied 3 times during the rice growth stage as top-dressing. The rate in the low-N treatment was 1/3 that of the control during seedling stage (Figure S1). The following amounts were applied: 6.48 g/l (control) and 2.16 g/l (Low N) on the day of sowing (1 ml each), respectively; transplanting, 0.4 (control) and 0.133 (Low-N) g N/pot; and at the tiller initiation and early panicle formation stages, 0.4 g N/pot. We also applied P fertilizer (17.5% P) at 1.14 g/pot and K fertilizer (60% K) at 0.33 g/pot at transplanting. Stages I to IV refer to before and after topdressing at the tiller initiation and early panicle formation stages: (I) before, (II) 6 days after tiller initiation topdressing, (III) before, (IV) 6 days after early panicle formation topdressing.




4.3. SPAD Value, Length and Dry Weight of Shoots and Roots


All agronomic traits were measured in 3 plants per pot with 5 replicates. The SPAD value is the mean reading of the 3 uppermost fully expanded leaves per pot measured with a SPAD-502 meter (Konica-Minolta, Osaka, Japan). Plant height was the average of the 3 plants. Shoot and root samples were oven-dried at 80 °C to a constant weight and weighed for the calculation of dry biomass.




4.4. N Content


Dry leaf samples (uppermost fully expanded leaves) and root samples were ground into a fine powder, 50 mg of which was used for determining N content by the Kjeldahl method, then digested in H2SO4−H2O2 [41] for absorption spectrophotometry (U-1800 UV-Vis Spectrophotometer, Hitachi, Japan).




4.5. RNA Extraction and Quantitative Real-Time PCR


Total RNA from leaves and roots at growth stages I to IV was isolated by the SDS/phenol/LiCl method. cDNA was synthesized with ReverTra Ace reverse transcriptase according to the manufacturer’s instructions (Toyobo, Osaka, Japan). Quantitative real-time PCR was performed in a CFX Connect Real-Time PCR System (Bio-Rad, Hercules, CA, USA) with Thunderbird SYBR qPCR mix (Toyobo, Osaka, Japan) with initial denaturation at 94 °C for 2 min, followed by 40 cycles of denaturation at 94 °C for 20 s, annealing at a primer-specific temperature for 20 s, and extension at 72 °C for 20 s. The primer sequences are listed in Table S1. OsActin was used for normalization.









Supplementary Materials


The following is available online at https://www.mdpi.com/2223-7747/9/7/861/s1: Table S1 Primer sequences used for quantitative real-time PCR.





Author Contributions


H.T.N., R.T. and Y.I. designed the experiment. R.T., C.S., T.K., Y.O., W.J.C., R.M. conducted field experiments. H.T.N., R.T., N.H. and Y.I. performed laboratory and data analyses. M.I.-I. contributed to planning the experimental protocol and data analysis. H.T.N. and Y.I. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by JSPS KAKENHI Grant Number JP15H14639 and JP20H02971.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Rütting, T.; Aronsson, H.; Delin, S. Efficient use of nitrogen in agriculture. Nutr. Cycl. Agroecosyst. 2018, 110, 1–5. [Google Scholar] [CrossRef]

	



Russo, S. Rice yield as affected by the s plit method of “ N ” application and nitrification inhibitor DCD. Cah. Options Mediterr. 1996, 52, 43–52. [Google Scholar]

	



Zhou, W.; Lv, T.; Yang, Z.; Wang, T.; Fu, Y.; Chen, Y.; Hu, B.; Ren, W. Morphophysiological mechanism of rice yield increase in response to optimized nitrogen management. Sci. Rep. 2017, 7, 17226. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Maruyama, S. Proteins and carbohydrates in developing rice panicles with different numbers of spikelets cultivar difference and the effect of nitrogen topdressing. Plant Prod. Sci. 2004, 7, 16–21. [Google Scholar] [CrossRef]

	



Tac, T.H. Effect of top-dressing and planting density on the number of spikelets and yield of rice cultivated with nitrogen-free basal dressing. Plant Prod. Sci. 1998, 1, 191–198. [Google Scholar] [CrossRef]

	



Panda, M.M.; Reddy, M.D.; Sharma, A.R. Yield performance of rainfed lowland rice as affected by nursery fertilization under conditions of intermediate deepwater (15–50 cm) and flash floods. Plant Soil 1991, 132, 65–71. [Google Scholar] [CrossRef]

	



Tsukaguchi, T.; Taniguchi, Y.; Ito, R. The effects of nitrogen uptake before and after heading on grain protein content and the occurrence of basal- and back-white grains in rice (Oryza sativa L.). Plant Prod. Sci. 2016, 19, 508–517. [Google Scholar] [CrossRef]

	



Xiong, Q.; Tang, G.; Zhong, L.; He, H.; Chen, X. Response to nitrogen deficiency and compensation on physiological characteristics, yield formation, and nitrogen utilization of rice. Front. Plant Sci. 2018, 9, 1075. [Google Scholar] [CrossRef]

	



Huang, M.; Yang, C.; Ji, Q.; Jiang, L.; Tan, J.; Li, Y. Tillering responses of rice to plant density and nitrogen rate in a subtropical environment of southern China. Field Crop. Res. 2013, 149, 187–192. [Google Scholar] [CrossRef]

	



Hasegawa, T.; Koroda, Y.; Seligman, N.G.; Horie, T. Response of spikelet number to plant nitrogen concentration and dry weight in paddy rice. Agron. J. 1994, 86, 673–676. [Google Scholar] [CrossRef]

	



Kou, H.P.; Li, Y.; Song, X.X.; Ou, X.F.; Xing, S.C.; Ma, J.; Von Wettstein, D.; Liu, B. Heritable alteration in DNA methylation induced by nitrogen-deficiency stress accompanies enhanced tolerance by progenies to the stress in rice (Oryza sativa L.). J. Plant Physiol. 2011, 168, 1685–1693. [Google Scholar] [CrossRef] [PubMed]

	



Richard-Molard, C.; Krapp, A.; Brun, F.; Ney, B.; Daniel-Vedele, F.; Chaillou, S. Plant response to nitrate starvation is determined by N storage capacity matched by nitrate uptake capacity in two Arabidopsis genotypes. J. Exp. Bot. 2008, 59, 779–791. [Google Scholar] [CrossRef] [PubMed]

	



Yan, X.; Wu, P.; Ling, H.; Xu, G.; Xu, F.; Zhang, Q. Plant nutriomics in China: An overview. Ann. Bot. 2006, 98, 473–482. [Google Scholar] [CrossRef]

	



Yoneyama, T. Absorption and assimilation of nitrogen by rice plants. JARQ 1986, 12, 2–7. [Google Scholar]

	



Sasakawa, H.; Yamamoto, Y. Comparison of the uptake of nitrate and ammonium by rice seedlings: Influences of light, temperature, oxygen concentration, exogenous sucrose, and metabolic inhibitors. Plant Physiol. 1978, 62, 665–669. [Google Scholar] [CrossRef]

	



Nour-Eldin, H.H.; Andersen, T.G.; Burow, M.; Madsen, S.R.; Jørgensen, M.E.; Olsen, C.E.; Dreyer, I.; Hedrich, R.; Geiger, D.; Halkier, B.A. NRT/PTR transporters are essential for translocation of glucosinolate defence compounds to seeds. Nature 2012, 488, 531–534. [Google Scholar] [CrossRef]

	



Léran, S.; Varala, K.; Boyer, J.C.; Chiurazzi, M.; Crawford, N.; Daniel-Vedele, F.; David, L.; Dickstein, R.; Fernandez, E.; Forde, B.; et al. A unified nomenclature of nitrate transporter 1/peptide transporter family members in plants. Trends Plant Sci. 2014, 19, 5–9. [Google Scholar] [CrossRef]

	



Araki, R.; Hasegawa, H. Expression of rice (Oryza sativa L.) genes involved in high-affinity nitrate transport during the period of nitrate induction. Breed. Sci. 2006, 56, 295–302. [Google Scholar] [CrossRef]

	



Cai, C.; Wang, J.-Y.; Zhu, Y.-G.; Shen, Q.-R.; Li, B.; Tong, Y.-P.; Li, Z.-S. Gene structure and expression of the high-affinity nitrate transport system in rice roots. J. Integr. Plant Biol. 2008, 50, 443–451. [Google Scholar] [CrossRef]

	



Feng, H.; Yan, M.; Fan, X.; Li, B.; Shen, Q.; Miller, A.J.; Xu, G. Spatial expression and regulation of rice high-affinity nitrate transporters by nitrogen and carbon status. J. Exp. Bot. 2011, 62, 2319–2332. [Google Scholar] [CrossRef]

	



Wei, J.; Zheng, Y.; Feng, H.; Qu, H.; Fan, X.; Yamaji, N.; Ma, J.F.; Xu, G. OsNRT2.4 encodes a dual-affinity nitrate transporter and functions in nitrate-regulated root growth and nitrate distribution in rice. J. Exp. Bot. 2018, 69, 1095–1107. [Google Scholar] [CrossRef] [PubMed]

	



Sonoda, Y.; Ikeda, A.; Saiki, S.; Von Wirén, N.; Yamaya, T.; Yamaguchi, J. Distinct expression and function of three ammonium transporter genes (OsAMT1;1–1;3) in rice. Plant Cell Physiol. 2003, 44, 726–734. [Google Scholar] [CrossRef] [PubMed]

	



Suenaga, A.; Moriya, K.; Sonoda, Y.; Ikeda, A.; Von Wirén, N.; Hayakawa, T.; Yamaguchi, J.; Yamaya, T. Constitutive expression of a novel-type ammonium transporter OsAMT2 in rice plants. Plant Cell Physiol. 2003, 44, 206–211. [Google Scholar] [CrossRef]

	



Li, C.; Tang, Z.; Wei, J.; Qu, H.; Xie, Y.; Xu, G. The OsAMT1.1 gene functions in ammonium uptake and ammonium–potassium homeostasis over low and high ammonium concentration ranges. J. Genet. Genom. 2016, 43, 639–649. [Google Scholar] [CrossRef] [PubMed]

	



Kiba, T.; Feria-Bourrellier, A.B.; Lafouge, F.; Lezhneva, L.; Boutet-Mercey, S.; Orsel, M.; Bréhaut, V.; Miller, A.; Daniel-Vedele, F.; Sakakibara, H.; et al. The Arabidopsis nitrate transporter NRT2.4 plays a double role in roots and shoots of nitrogen-starved plants. Plant Cell 2012, 24, 245–258. [Google Scholar] [CrossRef] [PubMed]

	



Ding, Y.; Fromm, M.; Avramova, Z. Multiple exposures to drought “train” transcriptional responses in Arabidopsis. Nat. Commun. 2012, 3, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Cai, J.; Liu, F.; Dai, T.; Cao, W.; Wollenweber, B.; Jiang, D. Multiple heat priming enhances thermo-tolerance to a later high temperature stress via improving subcellular antioxidant activities inwheat seedlings. Plant Physiol. Biochem. 2014, 74, 185–192. [Google Scholar] [CrossRef]

	



Wibowo, A.; Becker, C.; Marconi, G.; Durr, J.; Price, J.; Hagmann, J.; Papareddy, R.; Putra, H.; Kageyama, J.; Becker, J.; et al. Hyperosmotic stress memory in arabidopsis is mediated by distinct epigenetically labile sites in the genome and is restricted in the male germline by dna glycosylase activity. Elife 2016, 5, e13546. [Google Scholar] [CrossRef]

	



Takehisa, H.; Sato, Y.; Antonio, B.A.; Nagamur, Y. Global transcriptome profile of rice root in response to essential macronutrient deficiency. Plant Signal Behav. 2013, 8, e24409. [Google Scholar] [CrossRef]

	



Dechorgnat, J.; Francis, K.L.; Dhugga, K.S.; Rafalski, J.A.; Tyerman, S.D.; Kaiser, B.N. Tissue and nitrogen-linked expression profiles of ammonium and nitrate transporters in maize. BMC Plant Biol. 2019, 19, 1–13. [Google Scholar] [CrossRef]

	



Wen, Z.; Tyerman, S.D.; Dechorgnat, J.; Ovchinnikova, E.; Dhugga, K.S.; Kaiser, B.N. Maize NPF6 proteins are homologs of arabidopsis CHL1 that are selective for both nitrate and chloride. Plant Cell 2017, 29, 2581–2596. [Google Scholar] [CrossRef]

	



Nadeem, F.; Ahmad, Z.; Wang, R.; Han, J.; Shen, Q.; Chang, F.; Diao, X.; Zhang, F.; Li, X. Foxtail millet [Setaria italica (L.) beauv.] grown under low nitrogen shows a smaller root system, enhanced biomass accumulation, and nitrate transporter expression. Front. Plant Sci. 2018, 9, 205. [Google Scholar] [CrossRef] [PubMed]

	



Xin, W.; Zhang, L.; Zhang, W.; Gao, J.; Yi, J.; Zhen, X.; Li, Z.; Zhao, Y.; Peng, C.; Zhao, C. An integrated analysis of the rice transcriptome and metabolome reveals differential regulation of carbon and nitrogen metabolism in response to nitrogen availability. Int. J. Mol. Sci. 2019, 20, 2349. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.C.; Kan, C.C.; Hung, T.H.; Hsieh, P.H.; Wang, S.Y.; Hsieh, W.Y.; Hsieh, M.H. Identification of early ammonium nitrate-responsive genes in rice roots. Sci. Rep. 2017, 7, 1–16. [Google Scholar] [CrossRef]

	



Cai, H.; Lu, Y.; Xie, W.; Zhu, T.; Lian, X. Transcriptome response to nitrogen starvation in rice. J. Biosci. 2012, 37, 731–747. [Google Scholar] [CrossRef] [PubMed]

	



Ruffe, S.; Freixes, S.; Balzergue, S.; Tillard, P.; Jeudy, C.; Martin-Magniette, M.L.; Van Der Merwe, M.J.; Kakar, K.; Gouzy, J.; Fernie, A.R.; et al. Systemic signaling of the plant nitrogen status triggers specific transcriptome responses depending on the nitrogen source in Medicago truncatula. Plant Physiol. 2008, 146, 2020–2035. [Google Scholar] [CrossRef]

	



Zhang, H.; Forde, B.G. Regulation of arabidopsis root development by nitrate availability. J. Exp. Bot. 2000, 51, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Marchant, A.; Bhalerao, R.; Casimiro, I.; Eklöf, J.; Casero, P.J.; Bennett, M.; Sandberg, G. AUX1 promotes lateral root formation by facilitating indole-3-acetic acid distribution between sink and source tissues in the Arabidopsis seedling. Plant Cell 2002, 14, 589–597. [Google Scholar] [CrossRef] [PubMed]

	



Song, W.; Sun, H.; Li, J.; Gong, X.; Huang, S.; Zhu, X.; Zhang, Y.; Xu, G. Auxin distribution is differentially affected by nitrate in roots of two rice cultivars differing in responsiveness to nitrogen. Ann. Bot. 2013, 112, 1383–1393. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Wang, W.; Ou, S.; Tang, J.; Li, H.; Che, R.; Zhang, Z.; Chai, X.; Wang, H.; Wang, Y.; et al. Variation in NRT1.1B contributes to nitrate-use divergence between rice subspecies. Nat. Genet. 2015, 47, 834–838. [Google Scholar] [CrossRef]

	



Wang, W.; Hu, B.; Yuan, D.; Liu, Y.; Che, R.; Hu, Y.; Ou, S.; Liu, Y.; Zhang, Z.; Wang, H.; et al. Expression of the nitrate transporter gene OsNRT1.1A/ OsNPF6.3 confers high yield and early maturation in rice. Plant Cell 2018, 30, 638–651. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Liu, T.; Zhang, Y.; Duan, F.; Neuhaüser, B.; Ludewig, U.; Schulze, W.X.; Yuan, L. Ammonium and nitrate regulate NH4+ uptake activity of Arabidopsis ammonium transporter AtAMT1;3 via phosphorylation at multiple C-terminal sites. J. Exp. Bot. 2019, 70, 4919–4929. [Google Scholar] [CrossRef]

	



Widiez, T.; El Kafafi, E.S.; Girin, T.; Berr, A.; Ruffel, S.; Krouk, G.; Vayssières, A.; Shen, W.H.; Coruzzi, G.M.; Gojon, A.; et al. High nitrogen insensitive 9 (HNI9)-mediated systemic repression of root NO 3- uptake is associated with changes in histone methylation. Proc. Natl. Acad. Sci. USA 2011, 108, 13329–13334. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Hao, D.; Cong, Y.; Jin, M.; Su, Y. The rice OsAMT1;1 is a proton-independent feedback regulated ammonium transporter. Plant Cell Rep. 2015, 34, 321–330. [Google Scholar] [CrossRef] [PubMed]

	



Hermans, C.; Hammond, J.P.; White, P.J.; Verbruggen, N. How do plants respond to nutrient shortage by biomass allocation? Trends Plant Sci. 2006, 11, 610–617. [Google Scholar] [CrossRef] [PubMed]

	



Shipley, B.; Meziane, D. The balanced-growth hypothesis and the allometry of leaf and root biomass allocation. Funct. Ecol. 2002, 16, 326–331. [Google Scholar] [CrossRef]

	



Yamauchi, M.; Biswas, J.K. Rice cultivar difference in seedling establishment in flooded soil. Plant Soil 1997, 189, 145–153. [Google Scholar] [CrossRef]

	



Fageria, N.K.; Baligar, V.C. Enhancing nitrogen use efficiency in crop plants. Adv. Agron. 2005, 88, 97–185. [Google Scholar]

	



Chen, S.; Ge, Q.; Chu, G.; Xu, C.; Yan, J.; Zhang, X.; Wang, D. Seasonal differences in the rice grain yield and nitrogen use efficiency response to seedling establishment methods in the middle and lower reaches of the Yangtze river in China. Field Crops Res. 2017, 205, 157–169. [Google Scholar] [CrossRef]

	



Danying, W.; Chang, Y.; Chunmei, X.; Zaiman, W.; Song, C.; Guang, C.; Xiufu, Z. Soil nitrogen distribution and plant nitrogen utilization in direct-seeded rice in response to deep placement of basal fertilizer-nitrogen. Rice Sci. 2019, 26, 404–415. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhou, X.; Li, J.; Xin, C. Effects of seedling age and cultivation density on agronomic characteristics and grain yield of mechanically transplanted rice. Sci. Rep. 2017, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Li, C.; Fang, B.; Fang, Y.; Chen, K.; Zhang, Y.; Zhang, H. Potential for high yield with increased seedling density and decreased N fertilizer application under seedling-throwing rice cultivation. Sci. Rep. 2019, 9, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Chang, T.-G.; Zhu, X.-G.; Raines, C. Source-sink interaction: A century old concept under the light of modern molecular systems biology. J. Exp. Bot. 2017, 68, 4417–4431. [Google Scholar] [CrossRef] [PubMed]

	



Sugiura, D.; Watanabe, C.K.A.; Betsuyaku, E.; Terashima, I. Sink–source balance and down-regulation of photosynthesis in Raphanus sativus: Effects of grafting, N and CO2. Plant Cell Physiol. 2017, 58, 2043–2056. [Google Scholar] [CrossRef] [PubMed]

	



Tegeder, M.; Masclaux-Daubresse, C. Source and sink mechanisms of nitrogen transport and use. New Phytol. 2018, 217, 35–53. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, C.P. Source-sink balance and carbon allocation below ground in plants exposed to ozone. New Phytol. 2003, 157, 213–228. [Google Scholar] [CrossRef]

	



Staswick, P.E. Novel regulation of vegetative storage protein genes. Plant Cell 1990, 2, 1–6. [Google Scholar] [CrossRef]

	



Macduff, J.H.; Jarvis, S.C.; Mosquera, A. Nitrate nutrition of grasses from steady-state supplies in flowing solution culture following nitrate deprivation and /or defoliation. II: Assimilation of NO3− and short-term effects on NO3− uptake. J. Exp. Bot. 1989, 40, 977–984. [Google Scholar] [CrossRef]

	



Wiley, E.; Huepenbecker, S.; Casper, B.B.; Helliker, B.R. The effects of defoliation on carbon allocation: Can carbon limitation reduce growth in favour of storage? Tree Physiol. 2013, 33, 1216–1228. [Google Scholar] [CrossRef]








[image: Plants 09 00861 g001 550] 





Figure 1. (A) Plant height; (B) SPAD value; (C) shoot dry weight; (D) root dry weight. I, II, III, and IV refer to before and after topdressing at tiller initiation and early panicle formation stages. Each point represents the mean value, error bars indicate mean ± SD of 5 replicates. * Significant difference (p < 0.05, Student’s t-test). 
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Figure 2. N contents in (A) leaves and (B) roots. I, II, III, IV refer to before and after topdressing at tiller initiation and early panicle formation stages. Each point represents the mean value, error bars indicate mean ± SD of 5 replicates. * Significant difference (p < 0.05, Student’s t-test). 
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Figure 3. Relative expression of N transporter genes (NH4+ transporter genes, AMT; NO3− transporter genes, NRTs) in leaves. I, II, III, IV refer to before and after topdressing at tiller initiation and early panicle formation stages. Each point represents the mean value, error bars indicate mean ± SD of 5 replicates. * Significant difference (p < 0.05, Student’s t-test). 
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Figure 4. Relative expression of N transporter genes (NH4+ transporter genes, AMT; NO3− transporter genes, NRTs) in root. I, II, III, and IV refer to before and after topdressing at tiller initiation and early panicle formation stages. Each point represents the mean value, error bars indicate mean ± SD of 5 replicates. * Significant difference (p < 0.05, Student’s t-test). 
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Figure 5. Yield components (A), Grain number per pot; (B), percentage of ripened grain; (C), 1000 grains weight) and yield (D). Control and low-N refer plants receive sufficient N and 1/3 that of the control during seedling stage, respectively. Error bars represent mean ± SD of 5 replicates. 
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