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Abstract

:

Improvement of nitrogen use efficiency is of great importance in maize (Zea mays L.) production. In the present study, an eco-friendly growth substance, polyaspartic acid (PASP), was applied to maize seedlings grown with different nitrate (NO3−) doses by foliar spraying, aimed at evaluating its effects on maize nitrogen assimilation at both the physiological and molecular level. The results showed that PASP promoted biomass and nitrogen accumulation in maize seedlings, especially under low NO3− doses. Among different NO3− conditions, the most noticeable increase in plant biomass by PASP addition was observed in seedlings grown with 1 mmol L−1 NO3−, which was a little less than the optimum concentration (2 mmol L−1) for plant growth. Furthermore, the total nitrogen accumulation increased greatly with additions of PASP to plants grown under suboptimal NO3− conditions. The promotion of nitrogen assimilation was mostly due to the increase of nitrate reductase (NR) activities. The NR activities in seedlings grown under low NO3− doses (0.5 and 1.0 mmol L−1) were extremely increased by PASP, while the activities of glutamine synthetase (GS), aspartate aminotransferase (AspAT), and alanine aminotransferase (AlaAT) were slightly changed. Moreover, the regulation of PASP on NR activity was most probably due to the promotion of the protein accumulation rather than gene expression. Accumulation of NR protein was similarly affected as NR activity, which was markedly increased by PASP treatment. In conclusion, the present study provides insights into the promotion by PASP of nitrogen assimilation and identifies candidate regulatory enzymatic mechanisms, which warrant further investigation with the use of PASP in promoting nitrogen utilization in crops.
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1. Introduction


Nitrogen is one of the most important nutrients that strikingly affects plant growth, development, and production. China is one of the world’s largest nitrogen fertilizer producers and consumers, accounting for about 61% of the worldwide increase in nitrogen fertilizer production and 52% of the increase in nitrogen fertilizer consumption that occurred between 1990 and 2009 [1,2,3]. The excessive use of nitrogen fertilizer has contributed to serious damage to the environment, including soil acidification [4] as well as water and air pollution [5,6]. Therefore, there is an urgent need to find strategies to improve the nitrogen use efficiency of field crops, especially crops that are widely cultivated, such as maize (Zea mays L.), to simultaneously ensure food security and environmental quality.



Despite the importance of improving nitrogen use efficiency in maize, a number of previous studies had focused on various agronomic strategies to optimize nitrogen application and its biological mechanisms, such as the tillage type, rate and timing of nitrogen fertilizer application, and better sources of nitrogen fertilizer [7,8]. For maize, on the one hand, cultivars with high nitrogen use efficiency have been proven to be a great option for increasing grain yield under low nitrogen conditions while also maintaining the health of the environment [9]; on the other hand, the development of highly efficient nitrogen fertilizers is another effective way to resolve these problems [10]. Controlled-release urea has been demonstrated to significantly improve not only grain yields but also the nitrogen use efficiency of maize [11]. Recently, an eco-friendly polymer, polyaspartic acid (PASP), has been studied as a superabsorbent material and a promoter of fertilizer absorption [12,13,14] due to its free carboxylic and amide groups [15]. Polyaspartic acid is a hydrophilic, nontoxic, and biodegradable polymer of aspartic acid, with good dispersibility, chelating ability, and adsorption capacity [16]. Polyaspartic acid is found naturally in snails and mollusks, but for industrial production, it is commonly obtained through mild alkaline hydrolysis of polysuccinimide with high yield and low cost [17]. Considerable attention has been received for PASP in the medicine, cosmetic, and food industries [18]. In agriculture, PASP is usually used as a fertilizer absorption promoter and has been studied in nitrogen and potassium utilization [19]. Fertilizers containing PASP, especially PASP urea, have been gradually developed and applied in crop production. However, in previous studies, PASP was usually supplied together with a fertilizer or nutrient solution. Therefore, its promotion of fertilizer absorption was most probably due to its strong absorbency for ions, which reduces nutrient loss and improves the nutrient level of the soil [10,11,12]. However, information about the direct effects of PASP on plant growth and nitrogen assimilation, especially its physiological and molecular mechanism, remains limited. Thus, PASP was applied by foliar spraying to avoid the interaction of PASP and soil-based nutrients and to investigate the direct influence of PASP on maize growth and nitrogen assimilation, especially at enzymatic levels, and the genetic basis of the key enzyme involved.



Nitrate (NO3−) is the predominant form of nitrogen nutrition in most agricultural systems [20]. The pathway for nitrate assimilation in crops has been well documented [21]. Briefly, after uptake by roots, NO3− is first reduced by nitrate reductase (NR) to NO2− [22] and further reduced by nitrite reductase (NiR) to NH4+ [23]. Then, the NH4+ is assimilated into glutamine and glutamate by glutamine synthetase (GS) and glutamate synthase (GOGAT) [24,25,26,27]. The amino group of glutamate can be further transferred into other amino acids by various amino transferases, such as alanine aminotransferase (AlaAT) and aspartate aminotransferase (AspAT) [28,29,30,31]. Among these enzymes, NR is a primary rate-limiting enzyme for nitrogen assimilation [32,33]. Glutamine synthetase (GS, EC 6.3.1.2) is a key enzyme in nitrogen assimilation and remobilization [34]. AspAT and AlaAT can serve as markers of nitrogen use efficiency [35].



In this study, a commercial variety of maize, Zhengdan 958, was used, which is widely cultivated in China. The seedlings were cultivated under different doses of NO3− and were treated with PASP by foliar spraying. The objectives of the present study were to: (1) determine the effect of PASP on seedling biomass production and nitrogen assimilation in maize; (2) analyze the enzymatic mechanism of PASP regulation on maize nitrogen assimilation; and (3) investigate the genetic basis of the key enzyme involved in the regulation of PASP on nitrogen assimilation. Our study may provide information on the theoretical and practical bases for optimizing the use of PASP in promoting nitrogen utilization and plant growth in maize.




2. Materials and Methods


2.1. Plant Material and Growth Conditions


A commercial variety of maize (Zea mays L., cv. Zhengdan 958) was used in the experiments. The seeds were sterilized with 10% (v/v) H2O2 for 15 min, washed with distilled water, and germinated for 2 days in the dark on a moist filter paper at 30 °C. Then, the germinated seeds were transferred to silica sand to grow. Uniform seedlings with two visible leaves were selected and transferred to vessels containing 1/2 modified Hoagland solution with the following nutrients: 2 mmol L−1 of KNO3, 1 mmol L−1 of CaCl2, 0.5 mmol L−1 of MgSO4, 0.1 mmol L−1 of KH2PO4, 0.1 mmol L−1 of EDTA-FeNa, 0.03 mmol L−1 of H3BO3, 0.0008 mmol L−1 of CuSO4·5H2O, 0.005 mmol L−1 of MnSO4·H2O, 0.00003 mmol L−1 of (NH4)6Mo7O24·4H2O, and 0.0025 mmol L−1 of ZnSO4·7H2O. The pH of the solution was adjusted to 6.0. The nutrient solution was continuously aerated using an electric pump and renewed every 4 days. Each pot (7 L) contained 30 plants. When the second leaves were fully expanded, the seedlings were transferred to vessels (7 L) containing full-strength modified Hoagland solution with different concentrations of NO3− (0, 0.5, 1.0, 2.0, and 4.0 mmol L−1, referred to as N0, N0.5, N1, N2, and N4, respectively). The concentrations of NO3−, K+, and Ca2+ were balanced by varying the supply of KNO3, Ca(NO3)2, KCl, and CaCl2. The vessels were placed in a growth chamber controlled at 28 °C with a 16-h/8-h light/dark cycle. A photosynthetic photon flux density of 400 µmol m−2 s−1 was provided during the 16-h light period. The relative humidity was approximately 65%.



Two days after treatment with different concentrations of NO3−, PASP was applied to the plant of each treatment (PASP treatment to seedlings grown under N0, N0.5, N1, N2, and N4 conditions referred to as N0P, N0.5P, N1P, N2P, and N4P, respectively) by foliar spraying, and an equal amount of water was applied to the control treatment. Polyaspartic acid was prepared from polysuccinimide (AR, obtained from Desai Chemical Engineering Company, Shijiazhuang, China) with a molecular mass of 3000–5000 Da. Polysuccinimide (53.19 g) was dissolved in 100 mL of H2O with 40.96 g of KOH to make the PASP solution [36]. Citric acid was added to adjust the solution pH to 8.0. Then, 0.2 mL of the above PASP solution was added to 1 L of water containing 0.1% (v/v) Tween-20 as a surfactant to make the final PASP concentration (approximately 73.55 mg of polysuccinimide L−1). A compression sprayer (capacity, 1 L) was used for this purpose to ensure the even distribution of PASP on all leaves. Spraying was performed in the morning (between 9:00 and 10:00 a.m.). The PASP solution was sprayed on the shoot until complete leaf wetting (approximately 3 mL of solution per plant). The experiment was performed four times.




2.2. Measurement of Biomass and Nitrogen Accumulation


Seven days after PASP treatment, 15 plants per treatment were separated into two parts (aboveground and underground) and oven-dried at 80 °C until a constant weight was reached to measure the respective dry weights. Then, the dry samples were ground and used for total nitrogen accumulation determination using the Kjeldahl method.




2.3. Measurement of Nitrate Reductase (NR, EC 1.6.6.1) Activity


The method was adapted from the in vivo NR assay of Majláth et al. [37]. Briefly, approximately 200 mg fresh weight of samples (the latest fully expanded leaf and roots, respectively) were cut into small sections and incubated in 1 mL of 100 mmol L−1 of Na-phosphate buffer (pH 7.5) containing 200 mmol L−1 of KNO3 at 37 °C in the dark for 1 h. Next, 0.4 mL of 30% (m/v) trichloroacetic acid was added to stop the conversion of NO3− to NO2−. Then, nitrite production was detected calorimetrically by adding 2 mL of 0.2% 1-naphthylamine and 2 mL of 1% sulphanilamide (dissolved in 30% acetic acid) to the reaction mixture. After 30 min, the optical density of solutions was measured at 540 nm. The incubation buffer was used as a blank. NR activity was calculated in µmol nitrite produced per gram of fresh tissue using a standard curve, based on known nitrite dilutions. The experiment was conducted at 9:00 a.m. on the 1st, 3rd, and 7th day after PASP treatment.




2.4. Measurement of Glutamine Synthetase (GS, EC 6.3.1.2) Activity


Approximately 200 mg fresh weight of samples (the latest fully expanded leaf and roots, respectively) were homogenized at 4 °C with 2 mL of extraction buffer (0.5 mol L−1 of Tris-HCl, 2 mmol L−1 of MgCl2, 2 mmol L−1 of DTT, and 0.4 mol L−1 of sucrose; pH 8.0). Then, the homogenates were centrifuged at 12,000× g at 4 °C for 15 min, and the supernatant was recovered. GS activity was determined in the supernatant by transferase assay [38].




2.5. Measurement of Alanine Aminotransferase (AlaAT EC 2.6.1.2) and Aspartate Aminotransferase (AspAT EC 2.6.1.1) Activity


AlaAT and AspAT activity were assayed in conditions adapted from the study conducted by Gibon et al. [39]. Approximately 200 mg fresh weight of samples (the latest fully expanded leaf and roots, respectively) were homogenized at 4 °C with 2 mL of extraction buffer (0.05 mol L−1 of Tris-HCl) and centrifuged at 12,000 × g, 4 °C for 15 min. Then, the supernatant was recovered for enzyme activity assays. AlaAT activity was assayed using a solution containing 0.1 mol L−1 of Na-phosphate buffer (pH 7.2), 0.2 mol L−1 of l-alanine, and 2 mmol L−1 of α-ketoglutarate. Plant sample protein extract (75 µL) was added to the 125-µL assay solution and incubated at 37 °C for 30 min. The reaction was stopped by adding 125 µL of 2,4-dinitrophenylhydrazine. Pyruvic acid production was detected calorimetrically by adding 1.25 mL of 0.4 mol L−1 of NaOH to the reaction mixture at 5 min after the addition of 2,4-dinitrophenylhydrazine. After 30 min, the optical density of solutions was measured at 500 nm. The incubation buffer was used as a blank. Pyruvic acid standards (0–0.4 µmol in extraction buffer) were run in parallel. The activities were expressed as µmol pyruvic acid produced per gram of fresh tissue.



AspAT activity was determined using an assay solution containing 0.1 mol L−1 of Na-phosphate buffer (pH 7.2), 0.2 mol L−1 of aspartic acid, and 2 mmol L−1 of α-ketoglutarate. Otherwise, the enzyme activity assays and activity calculations were the same as that for AlaAT.




2.6. Real-Time Quantitative PCR (qPCR)


Fresh samples of 15 seedlings from individual treatments were collected in liquid nitrogen for the isolation of RNA. Total RNA was extracted using a total Plant RNA kit (Gene Mark, Taiwan). Reverse transcription was performed with 1–2 μg of purified total RNA using TaqMan® Reverse Transcription Reagents (Invitrogen™, Carlsbad, CA, USA) according to the manufacturer’s protocol. The qPCR was performed by a 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using a PowerUp™ SYBR® Green Master Mix (Applied Biosystems™, Foster City, CA, USA). The following protocol was applied in the qRT-PCR reaction: denaturation at 95 °C for 10 min, followed by 41 cycles of denaturation at 95 °C for 15 s, and annealing extension at 60 °C for 1 min. The relative gene expression levels were calculated using the 2−ΔΔCt method [40], with actin as an internal control, and three repetitions were performed for each sample. The sequences of the gene primers are shown in Table 1.




2.7. Nitrate Reductease Protein Extraction and Quantification by Enzyme-Linked Immunosorbent Assay (ELISA)


Fresh samples of 15 seedlings from individual treatments were collected in liquid nitrogen for the isolation of NR protein. The samples were collected at 9:00 a.m. on the 1st, 3rd, and 7th day after PASP treatment. NR protein extraction and quantification was performed using a Plant Nitrate reductase (NR) ELISA Kit and was carried out by Beijing Fangcheng Jiahong Science and Technology Co. (Beijing, China).




2.8. Statistical Analysis of Data


Data were analyzed by one-way ANOVA using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA, 2002). The treatment means were separated using Duncan’s Multiple Range Test or Student’s test. Statistical comparisons were considered significant at p < 0.05.





3. Results


3.1. Changes in Plant Biomass Accumulation in Maize Seedlings


Biomass accumulation in maize seedlings differed due to different NO3− doses. As shown in Figure 1A, the shoot biomass had a bell-shaped curve pattern, which peaked at 2 mmol L−1 of NO3−, while the root biomass was significantly (p < 0.05) reduced with the increase in NO3− doses (Figure 1B). Consequently, the root/shoot ratio shrunk along with the increase in NO3− dose (Figure 1C). Furthermore, the response of the total biomass accumulation per plant to NO3− dose was the same with the shoot biomass accumulation, which indicated 2 mmol L−1 of NO3− as the optimum concentration for plant biomass production.



The PASP treatment mainly improved biomass accumulation, especially in seedlings supplied with 1 mmol L−1 of NO3− (Figure 1A). The root biomass in N1P was significantly (p < 0.05) increased by 37.8% from applications of PASP to plants receiving the N1 treatment, while no significant (p < 0.05) differences were observed from PASP applications with the rest of the nitrogen levels (0, 0.5, 2.0, and 4.0 mmol L−1). The increase of the shoot biomass from PASP applications was slight, and no significant (p < 0.05) difference was observed (Figure 1A). However, the total biomass per plant grown in N1P was significantly (p < 0.05) higher than those grown in N1 by 13.9%, which was consistent with the response of the root biomass (Figure 1B). The root/shoot ratio was mildly boosted by PASP, especially in the N1P treatment, which was 28.5% greater than plants grown in N1 (Figure 1C). These results suggest that the effect of PASP in seedlings supplied with 1 mmol L−1 of NO3− was most significant among different nitrogen doses, and the improvement by PASP on root biomass was greater than that on shoots.




3.2. Changes in Nitrogen Accumulation in Maize Seedlings


Nitrogen and PASP treatments markedly affected the total nitrogen accumulation in seedlings (Figure 2). Similar to shoot biomass accumulation, nitrogen content in both the roots and shoots had a bell-shaped curve pattern, which peaked with 2 mmol L−1 of NO3− supply. Additions of PASP mostly improved the nitrogen content in both the shoots (Figure 2A) and roots (Figure 2B). Among the different NO3− doses, the increase of plant nitrogen content by PASP in conjunction with the N0.5P and N1P treatments were the most remarkable. N0.5P and N1P had 13.2% and 12.6% greater total nitrogen content in the whole plant when compared to N0.5 and N1, respectively. This increase was followed by the N2P treatment, in which the total nitrogen accumulation per plant increased by 4.8% when compared to N2. For seedlings with a high NO3− dose (4 mmol L−1), only the shoot nitrogen content was increased by PASP application (Figure 2A). Overall, these findings indicate that PASP positively affects nitrogen assimilation in maize, especially in seedlings grown under low nitrogen levels.




3.3. Changes in Enzyme Activities Correlated to Nitrogen Metabolism in Leaves and Roots of Maize Seedlings


In order to further investigate the physiological mechanism in which PASP affects nitrogen assimilation, enzyme activities involved with nitrogen metabolism, such as NR, GS, AspAT, and AlaAT, were estimated. Multiple analyses showed that the activity of NR was most affected by PASP (Table 2).



NO3− doses significantly (p < 0.05) affected most of the four enzyme activities measured during the experimental period in both the leaves and roots, except the root AspAT activity on the 1st day, the leaf AspAT activity on the 3rd day, and both of the leaf and root AlaAT activities on the 3rd day (Table 2). Supplementing plants with PASP, however, almost had no significant (p < 0.05) effects on all of the GS, AspAT, and AlaAT enzyme activities, with only changes of the leaf AspAT activity (p < 0.01) and root AlaAT activity (p < 0.05) on the 1st day as well as the root GS (p < 0.01) and AlaAT (p < 0.05) activities on the 7th day being significant (p < 0.05) (Table 2).



The effect of PASP on NR activity, however, was definitely remarkable. The NR activities in both the roots and leaves on all 3 days were significantly (p < 0.001) affected by PASP additions (Table 2). Moreover, the interaction of PASP and nitrogen treatment on NR activity was significant (p < 0.001) too (Table 2). In leaves, PASP treatment strikingly stimulated the NR activities at low NO3− doses, i.e., 0.5 and 1.0 mmol L−1 (Figure 3A–C). On the 1st day after PASP treatment, leaf NR activities increased 3.4-fold and 2.6-fold over the levels found in N0.5 and N1, respectively (Figure 3A). On the 3rd day, a similar increase in leaf NR activities of 2.4-fold and 1.6-fold was observed in N0.5P and N1P in comparison to N0.5 and N1, respectively (Figure 3B). On the 7th day, PASP supplementation significantly (p < 0.05) upregulated the NR activities in leaves by 1.7-fold and 4.6-fold when compared to N0.5 and N1, respectively (Figure 3C). However, in seedlings grown under high NO3− doses, the changes in NR activities caused by PASP additions were quite small or even negative (Figure 3A–C). In roots, NR activity responded to foliarly applied PASP after a short period of time. On the 1st day after treatment, PASP only induced a significant (p < 0.05) increase (by 2.9-fold) in NR activity in seedlings supplied with 1 mmol L−1 of NO3− when compared to control (Figure 4A). Furthermore, no significant (p < 0.05) effect was observed on the 3rd day between these treatments (Figure 4B). However, on the 7th day, root NR activities in all N0.5P, N1P, N2P, and N4P treatments were significantly (p < 0.05) upregulated by 1.8-fold, 2.6-fold, 5.4-fold, and 1.6-fold, respectively, when compared to N0.5, N1, N2, and N4, respectively (Figure 4C).



Overall, these results show that NR reacted more positively to PASP level than GS, AspAT, and AlaAT, especially in seedlings cultured under low nitrogen conditions. Thus, NR is probably the key enzyme involved in the promotion of nitrogen assimilation by PASP.




3.4. Changes in NR Gene Expression Levels in Maize Seedlings


To further investigate the mechanism of PASP regulation on NR activities, qPCR analysis was performed to examine the NR gene expression levels in leaves and roots after nitrogen and PASP treatment. Nitrate dose level significantly (p < 0.001) affected the expression levels of all four NR genes in both the leaves (Figure 5) and the roots (Figure 6). The PASP treatment, however, induced almost no significant (p < 0.05) changes on the expression of ZmNR1 to 4, especially in the leaves (Figure 5). In roots, only the ZmNR1 expression on the 3rd day after PASP treatment was significantly (p < 0.05) affected by PASP (Figure 6). However, the interaction of PASP addition and NO3− doses were significant (p < 0.001) (Figure 5 and Figure 6). In the leaves of seedlings grown under 1–4 mmol L−1 NO3− doses, the expression patterns of ZmNR1 and ZmNR3 reacted in a similar way to NR activity (Figure 3) to PASP addition, which were generally upregulated by PASP under low NO3− levels but downregulated under high NO3− levels (Figure 5). This indicated that ZmNR1 and ZmNR3 might be the candidate genes in response to PASP addition. However, the changes of the gene expression levels were much smaller than that of the NR activities (Figure 3). On the 1st day, PASP application significantly (p < 0.05) upregulated the expression of ZmNR1 and ZmNR3 by 1.8-fold and 1.4-fold when compared to N1 (Figure 5). On the 3rd day, a similar increase in leaf ZmNR1 and ZmNR3 expression of 1.2-fold and 1.3-fold was observed in N1P in comparison to N1, respectively (Figure 5). Moreover, the expression pattern of ZmNR1 and ZmNR3 in seedlings grown with 0.5 mmol L−1 NO3−, which was scarcely affected by PASP addition (Figure 5), was not consistent with the NR activity in response to PASP addition (Figure 3). In roots, few changes of the ZmNR1 and ZmNR3 expression were induced by PASP. Noticeable decreases were only observed in ZmNR1 expression in N2P and N4P in comparison to N2 and N4, respectively, and in ZmNR3 expression in N2P compared to N2 on the 3rd day (Figure 6). On the 1st day, the expression of ZmNR2 and ZmNR4 in roots was markedly regulated by PASP addition, but the general expression pattern of these two genes on the 3 days were not consistent with NR activities in roots in response to PASP addition. Thus, ZmNR1 and ZmNR3 seem to be candidate genes in leaves in response to PASP addition, but generally, the gene expression does not appear to be the main approach where PASP upregulates the NR activity in maize under low nitrogen conditions.




3.5. Changes in Nitrate Reductase Protein Accumulation in Maize Seedlings


In addition to the gene expression, NR protein accumulation was analyzed by ELISA to better appreciate the regulation of PASP on NR activity in maize. Nitrate reductase protein accumulation in seedlings grown in combination with low NO3− doses was generally increased by PASP (Figure 7 and Figure 8), which was similar to the NR activity (Figure 3 and Figure 4) changes in response to PASP supplementation. On the 1st day after PASP treatment, NR protein accumulations in leaves in the N0.5P and N1P treatments were much greater, by 1.6-fold and 2.1-fold, compared to the levels found from the N0.5 and N1 treatments, respectively (Figure 7A). On the 3rd day after PASP application, similar increases of 1.5-fold and 1.4-fold in leaf NR protein content were observed when compared to N0.5 and N1, respectively (Figure 7B). On the 7th day, PASP increased the leaf NR protein content of N1-treated plants by 1.3-fold (Figure 7C). However, by the 7th day, there was no significant (p < 0.05) difference due to PASP treatment in leaf NR protein levels in plants grown with 0.5 mmol L−1 NO3−. Conversely, in seedlings grown under high NO3− doses (2 and 4 mmol L−1), the NR protein content in leaves was generally deceased by PASP treatment (Figure 7A–C), which was similar to the response of NR activity to PASP treatment (Figure 3A–C).



In roots, the response of NR protein accumulation to PASP (Figure 8) was in accordance with that of the NR enzymatic activity (Figure 4). On the 1st day, PASP markedly increased the root NR protein content in both N0.5P and N1P by 1.7-fold when compared to N0.5 and N1, respectively (Figure 8A). On the 3rd day, no significant (p < 0.05) difference was observed in root NR protein content from PASP treatment under all the experiment NO3− doses (Figure 8B). On the 7th day, root NR protein accumulation was generally increased by 1.3–1.6 fold by PASP when NO3− was present (Figure 8C).





4. Discussion


4.1. PASP Promoted Seedling Growth and Nitrogen Accumulation in Maize under Low Nitrogen Conditions


Plant growth reaction to a nitrogen source supply has been widely considered to be positive, increasing leaf area, plant height, and biomass production as the nitrogen supply rises [44,45]. In the present study, shoot biomass accumulation gradually increased along with the increase in NO3− dose from 0 to 2 mmol L−1 (Figure 1A). By contrast, root biomass production was strikingly inhibited through increasing NO3− doses (Figure 1B). This was in accordance with a previous study conducted by Tian et al. [46]. In fact, many recent studies have pointed out that the influence of nitrogen supply to plant growth may be less than expected or even detrimental to plant development in some conditions and areas [47,48]. Similarly, biomass accumulation in both the shoots (Figure 1A) and roots (Figure 1B) remarkably decreased in seedlings that were grown under the high nitrogen condition (N4) when compared to N2. The total biomass accumulation per plant in N2 was markedly higher than that in other treatments without PASP treatment, which suggests that the 2 mmol L−1 of NO3− dose was the optimum concentration for plant growth.



Polyaspartic acid, which has a large number of carboxylic and amide groups [15], has been studied for promoting plant growth and nutrient use efficiency in crops [10,12,13,19]. In the present study, PASP generally increased the biomass production of maize seedlings (Figure 1A,B). This result is consistent with the findings reported by Du et al. [13], in which PASP was shown to promote seedling and root growth in rice. The most noticeable increase in plant biomass production after PASP treatment was observed in N1P (Figure 1B), which was under NO3− doses that were slightly less than the optimum concentration for plant growth. Larger changes in biomass accumulation were observed in the root than in the shoot from the PASP treatment. Therefore, the root/shoot ratio (Figure 1C) exhibited a slight increase after PASP treatment.



In terms of the significant relationship among experimental conditions, nitrogen content in the roots was observed to significantly (p < 0.05) increase along with the increase in NO3− doses (Figure 2). These results are in accordance with the reports of previous studies, which indicated the dependence of nitrogen accumulation and redistribution of crops on nitrogen rate [49]. However, nitrogen accumulation in the shoots (Figure 2A) had a bell-shaped curve pattern, which peaked from the N2 treatment. A decrease in shoot nitrogen accumulation was observed by supplementing with more nitrogen in N4 when compared to N2, which was consistent with the shoot biomass production (Figure 1A). Similar to the plant biomass, nitrogen accumulation was generally increased by PASP additions in both the roots and shoots (Figure 2). In particular, the changes between N0.5P and N0.5, as well as N1P and N1, were pronouncedly great. However, nitrogen content per gram of dry matter did not significantly (p < 0.05) differ as a result of these treatments, as calculated in Figure 1 and Figure 2. These results suggest that the promotion of nitrogen assimilation by PASP is probably simultaneous with other types of metabolism, such as carbon assimilation [19], which consequently results in the extreme expansion in total nitrogen accumulation per plant, with a small influence in nitrogen concentration per gram of dry matter.



Overall, these results showed that the N2 treatment was the optimum NO3− dose for seedling growth in these experiment conditions. Moreover, PASP treatment most probably enhanced nitrogen assimilation as well as seedling growth under low nitrogen levels (0.5 and 1.0 mmol L−1 of NO3−).




4.2. The Improvement of PASP on Nitrogen Accumulation in Maize Was Primarily Attributed to Changes in NR Activities


A few comprehensive reviews [31,34] have discussed the progress of nitrogen assimilation. In these reviews, various enzymes have been reported to participate in nitrate assimilation, such as NR, GS, AspAT, and AlaAT. In the current study, the most noticeable change after PASP treatment was the large increase in NR activity in seedlings when grown under low NO3− doses, especially 0.5 and 1.0 mmol L−1 (Figure 3 and Figure 4). This finding was in accordance with the increase of nitrogen accumulation after PASP treatment, which suggests the key role of NR in maize nitrate assimilation in response to PASP. However, in seedlings grown under high NO3− doses (2 and 4 mmol L−1), NR activity rarely or even negatively responded to PASP on the 1st and 3rd day after treatment (Figure 3 and Figure 4). This response may be due to the abundance of NO3− available. Regarding the response of NR to the increasing NO3− dose, both control and PASP treatment exhibited a bell-shape curve. The response of NR activity to PASP under high NO3− conditions was similar to that response to high NO3− doses when a decrease in NR activity (Figure 3 and Figure 4) and nitrogen (Figure 2) and biomass (Figure 1) accumulation was observed in N4 when compared to N2. Furthermore, previous studies have demonstrated that the activity of NR is positively induced by exogenous nitrate only at low nitrogen conditions [50]. Moreover, the cellular compartmentation of nitrate, rather than the exogenous nitrate, was considered to be the main factor that regulates NR activity [50,51]. The PASP treatment may minimize the threshold concentration of the supplied nitrate, which induces NR activity by enhancing nitrate uptake under low nitrogen conditions and elevates the internal nitrate concentration in the metabolic pool. Furthermore, the enhanced NR activity was simultaneously followed by a high production of nitrite [52], which may inhibit NR activity through a feedback inhibition mechanism. Different from that on the 1st (Figure 4A) and 3rd (Figure 4B) days after supplementation, root NR activity on the 7th day was remarkably increased by PASP (Figure 4C). These differences may be due to the variation of nitrogen demand in different growth processes [53,54]. Thus, it was hypothesized that in seedlings with nitrogen availability less than the growth demand, NR activity was upregulated by PASP, while in seedlings supplied with sufficient nitrogen, this activity was reduced.



In addition to NR, GS is another critical enzyme of nitrate assimilation which catalyzes the assimilation of ammonium into glutamine [55]. AlaAT and AspAT are two important aminotransferases in plants which catalyze the reversible transfer of the amino group from glutamate to oxalocaetate and pyruvate, respectively [28,29,30]. GS and AlaAT were positively coregulated with NR [56,57]. However, in the present study, the activities of all GS, AlaAT, and AspAT enzymes were barely affected by PASP treatment (Table 2) and appeared not to be the dominant processes that allowed PASP to promote nitrate assimilation.



Overall, these results revealed that NR predominantly contributed to the promotion of PASP in nitrogen accumulation in maize by PASP, especially under low nitrogen conditions.




4.3. The Regulation of PASP on NR Activity Was Mainly Due to the Increasing Accumulation of Protein Rather than Gene Transcription


As the primary rate-limiting enzyme of nitrogen nutrition [32,33], NR has been widely studied. These studies revealed that NR activity in higher plants was regulated at both the transcriptional and post-translational levels [42,58,59]. In order to further investigate the genetic basis of PASP regulation on NR, the gene expression and protein accumulation of NR was measured in the present study.



The present results revealed that there were limited correlations between the gene transcript level and enzymatic activity of NR in response to PASP supplementation. In particular, on the 7th day after PASP treatment, none of the four NR genes was consistently transcribed with that of the NR activity (Figure 5 and Figure 6) in response to PASP treatment. On the 1st and 3rd days after treatment, PASP affected the transcript of ZmNR1 and ZmNR3 (Figure 5) in leaves in a similar way to that of NR activity (Figure 3A), but the changes in the gene transcription were much less than that of NR activity. In roots, the expression of ZmNR1 and ZmNR3 (Figure 6) was only significantly regulated by PASP on the 3rd day in plants grown with high NO3− dose, which was not consistent with NR activity in response to PASP addition. The transcription levels of ZmNR2 and ZmNR4 (Figure 6) in roots on the 1st day were markedly affected by PASP addition, but on the 3rd and 7th days, the expression patterns of these two genes were not consistent with the NR activity (Figure 4) in response to PASP addition. These results indicate that ZmNR1 and ZmNR3 may be candidate genes in response to PASP addition in leaves, while ZmNR2 and ZmNR4 may take a role in the response of roots to PASP application, but all the transcriptions of these genes are not the main approach where PASP upregulates the NR activity in maize under low nitrogen conditions. This was not unexpected. In fact, numerous studies have found similar results, in which transcript levels and their relevant enzyme activities were not tightly correlated [39,60,61]. Moreover, on the 1st day after treatment, the transcription levels of ZmNR2 and ZmNR4 (Figure 6) in the roots of seedlings grown without NO3− application were markedly upregulated by PASP addition, while no significant differences were observed in the NR protein content (Figure 8), NR activity (Figure 4), nitrogen accumulation (Figure 2), or plant dry weight (Figure 1). This indicates that there needs to be nitrogen available in the first place to observe physiological changes.



Different from gene transcription, the protein accumulation of NR (Figure 7 and Figure 8) was affected similar to the NR activity (Figure 3 and Figure 4) by PASP treatment, especially in the leaves. The response of the NR protein content to PASP could be interpreted in two ways. First, PASP might increase the translation of NR mRNA to protein, but this still needs evidence. Second, a decrease in degradation in NR protein may be induced by PASP. NR has a short half-life of several hours. In previous reviews, NR phosphorylation and 14-3-3-binding, as well as sugar signals, were considered to be involved in NR degradations [62,63]. It appears that the activated NR protein was more stable. In fact, the changes in protein accumulation were less than that of NR activity after PASP treatment in the present study (indicated byFigure 3, Figure 4, Figure 7 and Figure 8). On the 7th day after treatment, especially in the roots, the NR protein content (Figure 8C) and NR activity (Figure 4C) did not exhibit a completely consistent response to PASP treatment. Thus, it appears that PASP most probably regulates NR activity according to protein accumulation as well as post-translational control.



Overall, the transcription and protein accumulation results imply that the regulation of PASP on NR activity is predominantly attributed to protein accumulation and may be a post-translational regulation rather than gene transcription.



These results imply that the application of PASP by foliar spraying generally promotes plant growth and nitrogen assimilation, especially the NR activity. In previous studies, PASP was usually supplied together with a fertilizer or nutrient solution, and its promotion of fertilizer absorption was usually considered to be due to its strong absorbency for ions [10,12,13]. In this study, PASP was supplied by foliar spraying, which avoided the interaction of PASP and fertilizer. Thus, we infer that PASP may be absorbed in the leaves and acts in a similar way to a plant growth regulator. In fact, Xu et al. [64] has studied PASP as a plant growth regulator together with Kinetin and 1-Naphthaleneacetic acid. However, the absorption of PASP in leaves and the mechanism by which it works still need further investigation.





5. Conclusions


Application of PASP mainly promoted seedling growth, the increase of the root/shoot ratio, and the accumulation of total nitrogen in maize plants, especially under low nitrogen conditions. The promotion by PASP of maize nitrogen accumulation was primarily due to the increase in NR activity. The transcription of ZmNR1 to 4 was significantly (p < 0.05) affected by NO3−, but few changes were induced by PASP treatment. However, the accumulation of NR protein was strikingly increased by PASP treatment, which was consistent with the changes in NR activities. Thus, it appears that the regulation by PASP of NR activity was most probably due to the promotion of accumulating protein rather than gene expression. The present study provides useful insight into the action of PASP on maize nitrogen assimilation. Therefore, PASP could be used for enhancing nitrogen utilization in maize.
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Figure 1. The biomass accumulation in the shoots (A) and roots (B), as well as the root/shoot ratio (C), of maize differed on the 7th day after nitrogen and polyaspartic acid (PASP) treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data was presented as the mean ± standard error of 15 plants in each treatment. *, statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Figure 2. Total nitrogen accumulations in the shoots (A) and roots (B) of maize on the 7th day after nitrogen and PASP treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data rewash presented as the mean ± standard error of 15 plants in each treatment. *, Statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Figure 3. Changes in leaf nitrate reductase activities on the 1st (A), 3rd (B), and 7th (C) day after PASP treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Figure 4. Changes in root nitrate reductase activities on the 1st (A), 3rd (B), and 7th (C) day after PASP treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Figure 5. Relative expression of ZmNR1, ZmNR2, ZmNR3, and ZmNR4 in the leaves on the 1st, 3rd, and 7th day after PASP treatment. Data were presented as the mean of 15 plants in each treatment. ns, *, **, and ***, Statistically significant differences according to multiple analyses at p > 0.05, p < 0.05, p < 0.01, and p < 0.001. N0, N0.5, N1, N2, and N4 indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− without PASP treatment, respectively. N0P, N0.5P, N1P, N2P, and N4P indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− plus PASP addition, respectively. 






Figure 5. Relative expression of ZmNR1, ZmNR2, ZmNR3, and ZmNR4 in the leaves on the 1st, 3rd, and 7th day after PASP treatment. Data were presented as the mean of 15 plants in each treatment. ns, *, **, and ***, Statistically significant differences according to multiple analyses at p > 0.05, p < 0.05, p < 0.01, and p < 0.001. N0, N0.5, N1, N2, and N4 indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− without PASP treatment, respectively. N0P, N0.5P, N1P, N2P, and N4P indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− plus PASP addition, respectively.
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Figure 6. Relative expression of ZmNR1, ZmNR2, ZmNR3, and ZmNR4 in the roots on the 1st, 3rd, and 7th day after PASP treatment. Data were presented as the mean of 15 plants in each treatment. ns, *, **, and ***, Statistically significant differences according to multiple analyses at p > 0.05, p < 0.05, p < 0.01, and p < 0.001. N0, N0.5, N1, N2, and N4 indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− without PASP treatment, respectively. N0P, N0.5P, N1P, N2P, and N4P indicate the seedlings treated with 0, 0.5, 1.0, 2.0, and 4.0 mmol L−1 of NO3− plus PASP addition, respectively. 
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Figure 7. Leaf nitrate reductase (NR) protein content analysis by ELISA on the 1st (A), 3rd (B), and 7th (C) day after PASP treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Figure 8. Root NR protein content analysis by ELISA on the 1st (A), 3rd (B), and 7th (C) day after PASP treatment. The PASP and control indicate seedlings with and without PASP addition, respectively. Data were presented as the mean ± standard error of 15 plants in each treatment. *, Statistically significant differences between PASP treatment and control within each nitrogen level, according to Student’s test at p < 0.05. 
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Table 1. Primers for the qPCR.






Table 1. Primers for the qPCR.





	Gene
	Gene ID
	Forward Primer (5′-3′)
	Reverse Primer (5′-3′)





	ZmNR1
	GRMZM2G568636
	ATGATCCAGTTCGCCATCTC
	GTCCGTGGTACGTCGTAGGT



	ZmNR2
	GRMZM2G428027
	AGCAAGTCTTGAGGGAGCAC
	CGCCTTGCATGACATTCGTT [41]



	ZmNR3
	GRMZM5G878558
	ACTGGTGCTGGTGCTTCTGGTCC
	ATGCCGATCTCGCCCTTGTGC [42]



	ZmNR4
	GRMZM2G076723
	GCGTGCAGTTTCAATTCGGT
	AGCTATTCCCCGTTGCCATC



	actin
	XM_008656735
	GATTCCTGGGATTGCCGAT
	TCTGCTGCTGAAAAGTGCTGAG [43]
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Table 2. Multiple analyses of enzyme activities correlated to nitrogen metabolism in maize seedlings leaves and roots at the 1st, 3rd, and 7th day after PASP treatment.






Table 2. Multiple analyses of enzyme activities correlated to nitrogen metabolism in maize seedlings leaves and roots at the 1st, 3rd, and 7th day after PASP treatment.





	
Parts

	
Source of Variation

	
Days after PASP Treatment




	
1d

	
3d

	
7d




	
NR

	
GS

	
AspAT

	
AlaAT

	
NR

	
GS

	
AspAT

	
AlaAT

	
NR

	
GS

	
AspAT

	
AlaAT






	
Leaves

	
NO3−

	
***

	
**

	
**

	
*

	
***

	
**

	
ns

	
ns

	
***

	
***

	
**

	
*




	

	
PASP

	
***

	
ns

	
**

	
ns

	
**

	
ns

	
ns

	
ns

	
**

	
ns

	
ns

	
ns




	

	
NO3− × PASP

	
***

	
ns

	
ns

	
ns

	
**

	
ns

	
*

	
*

	
***

	
ns

	
ns

	
ns




	
Roots

	
NO3−

	
***

	
***

	
ns

	
**

	
***

	
***

	
*

	
ns

	
***

	
***

	
***

	
***




	

	
PASP

	
***

	
ns

	
ns

	
*

	
ns

	
ns

	
ns

	
ns

	
***

	
**

	
ns

	
*




	

	
NO3− × PASP

	
***

	
ns

	
ns

	
ns

	
ns

	
ns

	
ns

	
**

	
***

	
ns

	
ns

	
*








Note: ns, no significant difference, * p < 0.05, ** p < 0.01, ***p < 0.001.
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