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Abstract

:

The interactive mechanism of root and soil for achieving high and stable yield of maize is still unclear. Synchronizing soil nutrient supply with crop requirements by optimizing fertilization is effective cultivation measures to improve maize yield. In this study, field trials were conducted to investigate the dynamic changes of optimized fertilization on chemical and bacterial properties in rhizosphere soil, root physiological properties, and yield of fresh waxy maize. Optimized fertilization practices (one-time application of new compound fertilizer at sowing, three-, and six-leaf stages, denoted as F1, F2, and F3), local traditional fertilization (F4), and no fertilization (F0) were set up in 2-year field experiments at two sites. F3 increased the fresh ear (10.2%) and grain (9.4%) yields relative to F4. Optimized fertilization practices increased the abundance and diversity of rhizosphere soil bacterial communities at R3. The enzymatic activities of oxidoreductase, hydrolase, transferase, and lyase in rhizosphere soil under F3 were higher than those in other treatments at R1 and R3. F3 increased the contents of organic matter and total N in rhizosphere soil, as well as the root activities. These findings provide physiological information from underground on optimized fertilization types and stages in enhancing the yield of fresh waxy maize. One-time application of new compound fertilizer at six-leaf stage increased the abundance and diversity of bacterial, organic matter and total N content in rhizosphere soil, enhanced root activity at post-silking stage, and eventually improved yield of fresh waxy maize in southern China.
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1. Introduction


In order to ensure food and ecological security, improve fertilization efficiency, and reduce fertilizer losses, people have placed their hopes on new fertilizers in recent years [1]. At present, new fertilizers are divided into slow-/controlled-release fertilizers, biological fertilizers, commercial organic fertilizers, water-soluble fertilizers, and functional fertilizers [1]. In the last decade, new compound fertilizer was widely used in crop production internationally as substitutes to single-element fertilizers [2,3]. Some new compound fertilizers, such as slow-/controlled-release fertilizers, have advantage in increasing grain yield due to their nutrient release rate consistent with the nutrient demand period of crops [4,5]. However, given the incomplete technology of new fertilizer, nutrient release is greatly affected by environmental factors, such as temperature and soil moisture [6]. The growth period of maize involves high temperature and rainy weather, and the one-off application of fertilizer at the sowing stage can cause the lack of nutrients during the grain-filling stage [5]. Judicious and proper application of fertilizer practices ensure high yield and minimize nutrient losses to the environment and improve the nutrient utilization [7,8]. Different fertilizer application periods have significant effects on maize growth and development [9]. Waxy maize is a special maize with the largest planting area in China, and the development of fresh waxy maize is of great significance to the adjustment of China’s planting industry [10]. The relative comparisons between the optimized and traditional fertilization method on the rhizosphere soil and root variation processes and soil properties remain poorly understood, especially in the fresh maize planting area of southern China with intensive cropping.



In soil organisms, the most abundant and diverse species are bacteria, which play a gigantic role in soil quality and function because they participate in the circulation and decomposition of organic matter and nutrients in soil [11,12]. Fertilization directly provides organic matter and nutrients to the soil and has significant impacts on crop growth and development, which also changes the compositions of soil bacterial communities [13,14,15]. Multiple processes control the soil organic carbon response to N fertilization, and the N sufficiency level can help explain their relative importance [16]. The direct effect of optimized fertilization on microbial activity could exceed the indirect effects of fertilization on the changes in soil nutrient content [17]. The soil texture and fertilization method have significant effects on root length and maize yield [18]. Fertilizer types [19] and fertilization practices [20] also make a difference in yield by influencing maize root traits. Slow-release fertilizer increases maize yield and reduces environmental pollution, especially in soils with less organic matter [5]. Previous studies on wheat and rice have also shown that new compound fertilizers increased the contents of nitrate N and ammonium N in soil [21] and improved N availability and root development [22]. Optimum fertilizer rates increased root length density and active absorption area, which directly promoted the accumulation of photosynthetic products and maize yield [23,24]. Previous research has primarily focused on the one-off application of new fertilizers at the sowing stage, and past studies have shown significant effects on the soil environment and root development, which are factors that influence the maize yield. However, the difference of rhizosphere soil chemical and bacterial properties, root activity, and yield between optimized and traditional fertilization method has rarely been reported in production of fresh waxy maize.



The fresh waxy maize sown in spring grows under special climatic conditions in southern China. The temperature was low at seeding stage and higher combined with more precipitation at the later stage, which resulted in low fertilizer utilization efficiency and made it difficult to meet the nutrient supply at the post-silking stage [6,9]. The traditional fertilization method is to apply common compound fertilizer at sowing and topdressing urea at the jointing stage, which has low utilization due to losses. Previous research has revealed that new compound fertilizer influenced maize yield by affecting soil quality and root physiological properties [14,18,22]. However, whether optimizing the fertilization practices increase fresh waxy maize yield or influence rhizosphere soil chemical and bacterial properties, root activity, and related enzymes activities during the post-silking stage remains unknown. This study aimed to evaluate the optimized fertilization practices in improving the yield of fresh waxy maize, as well as the chemical and bacterial properties of rhizosphere soil and root activity.




2. Materials and Methods


The study was conducted in 2018 and 2019 at Jiangxinsha farm (31°48′ N, 121°05′ E) in Nantong City and Yangzhou University farm (32°30′ N, 119°25′ E) in Yangzhou City, Jiangsu Province, China. Daily precipitation, average air temperature, and sunshine hours during the maize growing period are shown in Figure S1. The experimental soil type was sandy loam. Table S1 provides the basic soil fertility.



The fresh waxy maize hybrid Suyunuo11 widely cultivated in Jiangsu Province, China, was cultivated in this experiment. A new compound fertilizer (N/P2O5/K2O = 27%/9%/9%), which is one type of polyamide acid compound fertilizer (N release longevity was about 2 months at a rate controlled by 25°C water culture method), was used in this study. This compound fertilizer was added to an amino acid polymer biological preparation which had negative charges with strong adsorption. The biological preparation could form amino acid, which acts as a biostimulant after metabolism [25]. Five treatments were set at two sites, including F0 (no fertilization), 3 optimized fertilization practices (F1, F2, and F3), and F4 (control treatment). F1: one-time application of the novel compound fertilizer at sowing date. F2: one-time application of the novel compound fertilizer at three-leaf stage. F3: one-time application of the novel compound fertilizer at six-leaf stage. The N/P2O5/K2O rates in F1, F2, and F3 were same, which was 225/75/75 kg ha−1. F4: As local farmers’ traditional fertilization, N, P2O5, and K2O (225/75/75 kg ha−1) were applied at the rate of 75 kg ha−1 (traditional compound fertilizer, N/P2O5/K2O = 15%/15%/15%) at sowing time and 150 kg ha−1 N (urea, 46%) at the six-leaf stage. The maize was double-row planted (0.8 and 0.4 cm) according to local traditional method. Each plot was 216 m2 (30 m × 7.2 m) with 60,000 plants ha−1. The sowing date was 2 April, and maize was harvested at milking stage on 12 July at the two sites in 2018 and 2019.



At the 23rd day after pollination, 30 representative ears were collected continuously from each plot to determine the fresh ear and grain yield. Cost-profit analysis was performed in accordance with the previous work [9]. The ear price of fresh waxy maize was CNY 2000 t−1 in 2018 and 2019. The prices of fertilizers used in the experiment were: CNY 2000 t−1 (common compound fertilizer), CNY 2000 t−1 (urea), and CNY 2300 t−1 (new compound fertilizer). The production costs were CNY 675 ha−1 (plowing), CNY 300 ha−1 (harrow), CNY 225 ha−1 (seed), CNY 750 ha−1 (sowing), CNY 195 ha−1 (herbicide), CNY 225 ha−1 (insecticide) and CNY 750 ha−1 (harvest), respectively.



To detect the basic fertility level, 0–20 cm soil samples were taking from five points in the experiment sites using a drilling tool. Rhizosphere soil samples were collected at six-leaf (V6), R1, and R3 according to the previously reported method [9]. The subsamples of V6, R1, and R3 were analyzed the soil organic matter (SOM) and total N after air drying. For determination of bacterial abundance, diversity, and enzyme activity, the second subsample was stored at −80 °C. Targeting the 16S rRNA gene, the real-time polymerase chain reaction was used to determine abundance and diversity of the bacterial community combined with the Illumina Miseq sequencing platform [26,27]. The roots were obtained from three representative plants at R1 and R3 based on the previously reported method [9]. The TTC reduction method was used to measure root activity [28]. MLBIO Plant Sucrose Synthase ELISA Kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China) were used to determine the malondialdehyde (MDA) content in the root, as well as the enzymes activity in the rhizosphere soil and root [9,29].



Treatments were compared using Duncan’s test at the 0.05 probability level (p ≤ 0.05). Analysis of variance was performed in SPSS17.0 (SPSS Institute Inc., Chicago, IL, USA). Spearman correlations were calculated to determine the relationships between maize growth indexes and yields using the cor function of the base R package “stats,” and the correlation results were visualized with the corrplot mixed function of the R package “corrplot.”




3. Results


3.1. Abundance of Rhizosphere Soil Bacterial Community


In Figure 1, community abundances are reflected by the observed species and chao1 indexes, and the community diversity are evaluated by the Shannon and Simpson indexes. At R1 and R3 stages, the diversities of bacteria differed at different fertilization times. In the alpha diversity analysis of bacteria, the abundance and diversity of the community in Yangzhou were higher than those in Nantong. In the Yangzhou experimental plot, fertilization treatments had significantly higher indexes of the observed species, chao1, Shannon, and Simpson than F0 (except F1 in Yangzhou), and F3 had the highest values. In the Nantong experimental plot, the observed species, chao1, Shannon, and Simpson indexes of F1 treatments were highest at R1, and F3 had the highest values among fertilization treatments at R3. In this study, optimized fertilization practices had no significant effects on the abundance and diversity of rhizosphere soil bacterial communities at R1 but increased observed species, chao1, Shannon, and Simpson indexes at R3.



The taxon composition at the phylum level is shown to compare the divergences between treatments, and the abundance data of the top 54 phylum levels are plotted in Figure 2. At R1, cluster B of the rhizosphere soil bacteria showed a higher abundance than cluster A in all soil samples. The phylum classification at R3 was different, that is, cluster A was more abundant. In soil samples in Yangzhou, F3 treatments had higher abundance for Deferribacteria, Aminicenanes, Bathyarchaeota, Chlorobi, Microgenomates, Hydrogenedentes, and Gemmatimonadetes, which participate in soil C and N metabolism. In Nantong, F3 treatments had a higher abundance of rhizosphere soil Proteobacteria bacteria, which are involved in soil redox at R1 and R3. The taxon composition at the phylum level had significant difference between Yangzhou and Nantong.




3.2. Rhizosphere Soil Chemical Properties


The result trend was consistent with minor variation among the years. The activities of oxidoreductases (Figure S2), hydrolases (Figure S3), transferases (Figure S4), and lyases (Figure S5) showed a decreased trend from R1 to R3. The enzymes activities in fertilization treatments were significantly higher than F0 at R1 and R3, and optimized fertilization practices further increased enzymes activities compared with F4. Optimized fertilization practices improved the activities of rhizosphere soil enzymes and showed the order F3 > F2 > F1 > F4 overall (Table 1). The SOM content decreased from V6 to R3 except the F3 treatments, while total N content increased from V6 to R1 and decreased from R1 to R3 (Figure 3). Fertilization treatments had significantly higher SOM and total N content than F0 at R1 and R3, and the increases in optimized fertilization practices were greater than those in traditional fertilization. Compared with F4, the average SOM contents in F1, F2, and F3 increased by 6.1%, 15.5%, and 31.5% at R1, respectively. The increase were 9.3% (F1), 18.9% (F2), and 43.5% (F3) at R3 compared with F4. F3 had significantly higher SOM contents in rhizosphere soil than F1 and F2. The average total N contents under F1, F2, and F3 increased by 7.4%, 10.5%, and 14.8% at R1 compared with F4, and the values were 3.4% (F1), 8.9% (F2), and 18.3% (F3) at R3. Compared with F1 and F2, the total N contents were increased by 23.9% and 13.9% at R1, and by 31.3% and 20.7% at R3. The contents of SOM and total N in Nantong were significantly higher than those in Yangzhou.




3.3. Root Properties


The analysis of variance presented in Table 2 shows that the effects of years and fertilization modes on root activity, MDA contents, and the activities of N metabolic enzymes reached significant levels (p < 0.05). The average root activity at R1 was significantly higher than that at R3, and the activities of N metabolic enzymes and antioxidant enzymes decreased from R1 to R3, but MDA content was opposite (Figure 4). Fertilization significantly increased root activity and the activities of R-NR, R-GOGAT, R-GS, R-SOD, R-CAT, and R-POD at R1 and R3, and those in optimized fertilization practices were increased higher than F4. The trend of MDA content was opposite the activity of root enzymes and showed the order: F4 > F1 > F2 > F3. The root activities of F1, F2, and F3 were 3.6%, 15.1%, and 23.6% higher than F4 at R1. The values were 7.4% (F1), 10.5% (F2), and 24.2% (F3) at R3. Compared with F4, the average MDA contents of F1, F2, and F3 treatments decreased by 6.9%, 11.1%, and 16.1% at R1, respectively. The values reached 6.9% (F1), 12.1% (F2), and 15.9% (F3) at R3. The average activities of NR in Yangzhou were significantly higher than Nantong, but root activities and other related enzymes had no significant difference.




3.4. Yield and Economic Analysis


Years, sites, and fertilization practices had significant effects on fresh ear and grain yields, gross return, and net return (Table 3 and Figure 5). Compared with F4, optimized fertilization practices significantly increased the fresh waxy maize yield. In compared to F4, the average fresh ear yields under F1, F2, and F3 was increased by 10.2%, 19.3%, and 26.1%, respectively. Meanwhile, the fresh grain yields increased by 9.4% (F1), 14.8% (F2), and 24.7% (F3). Both sites obtained the highest yield under F3 in 2018 and 2019. The average net return of F1, F2, and F3 increased by 19.4%, 33.3%, and 43.6%, respectively, compared with those under F4. The average net return in Nantong was 3.9% higher than that in Yangzhou.




3.5. Spearman Correlation


The bacterial abundance, bacterial diversity, and chemical properties in rhizosphere soil had a significant positive correlation with fresh ear and grain yields. The root activity and the activities of N metabolic enzymes and antioxidant enzymes also had a significant positive correlation with yield. The MDA content in the root had a negative correlation with the yield of fresh waxy maize (Figure 6).





4. Discussion


In this experiment, F3 had significantly higher indexes of observed species, chao1, Shannon, and Simpson than F4 at R3. Fertilizer has a great impact on the composition of the soil bacterial community [12,14]. Rhizosphere soil was used for chemical and bacterial properties in this experiment. Bacterial communities were directly affected by environmental factors, especially temperature, water, and various substances contents in soil [30,31], and bacterial characteristics can lead to the discrepancy in soil microbial biomass, which affects carbon metabolism process in soil [32,33]. Among different treatments, F3 had higher abundances for Deferribacteria, Aminicenanes, Bathyarchaeota, Chlorobi, Microgenomates, Hydrogenedentes, and Gemmatimonadetes, which were participated in soil C and N metabolism at Yangzhou. At Nantong, F3 had a higher abundance of rhizosphere soil Proteobacteria, which are involved in soil redox. The crop variety and growing season had great influences on soil microbial content and activity [34] and affected the availability of soil nutrients [35]. In addition, Liu et al. [36] demonstrated that the continuous supply of nitrate had enhanced effects on the development of maize lateral root, and then these changes in root characteristic promoted the absorption of soil nutrients by crops [37]. Surveys by Cui et al. [38] and Chipomho et al. [39] showed that SOM and total N content in soil had significant correlation with crop productivity in maize fields. This study also showed that fertilization had higher SOM and total N content from V6 to R3 stages, and significantly improved the chemical properties of rhizosphere soil, similar to previous results [29,40]. New compound fertilizer has been proved to significantly improve crop yield and fertilizer utilization efficiency [4] and increase soil fertility [41]. Gao et al. [8] observed that new compound fertilizer increased the soil humus content and stability of soil aggregates, which could improve nutrient supply capacity and then enhance maize production. The results also indicated that F3 had the advantage of increasing the abundance and diversity of bacterial communities than conventional fertilization mode, which had a significant positive correlation with chemical and bacterial properties in rhizosphere soil during the post-silking stage. In fresh waxy maize production, optimizing the application time of new compound fertilizer to V6 increased the activities of soil enzymes, which accelerated the mineralization process and promoted nutrient content at post-silking stage.



Under this experiment condition, the optimized fertilization practices increased the root activity and activities of N metabolic enzymes and antioxidant enzymes at the grain filling stage. Root activity and physiological characteristics were closely related to the physiological activity of shoot [42] and played an important role in improving crop biomass [43]. The growth and development of maize root system was directly related to the nutrient content in soil and determined the growth of aboveground plants [44,45]. Fertilization increased the root activities and delayed the root senescent rate during the post-silking stage, and promoted the activities of NR, GOGAT, and GS. In the crop lateral root, rich nitrate content had a significant promoting function on N absorption from soil [46]. A previous study showed that new compound fertilizer significantly increased the soil N levels and significantly improved morphological and physiological indexes of root compared with traditional fertilization method [47]. We also revealed that optimized fertilization practices increased the activities of N metabolism enzymes. The activities of root N metabolic and antioxidant enzymes and root activities in F3 were significantly higher than F1 and F2. Figure 6 shows that fresh ear and grain yields had significantly positive correlations with root activity, root N metabolic enzymes, and antioxidant enzyme activities.



Delaying the application time of new compound fertilizer to V6 increased the fresh ear (10.2%) and grain (9.4%) yields relative to those under F4. Fertilization is an important cultivation measure used to improve maize yield [48], and previous studies have demonstrated that new fertilizers such as controlled release fertilizer can effectively improve maize yield compared with traditional fertilization [5,49]. Environment factors have significant effects on the nutrient release of compound fertilizer [50]. At present, the price of new compound fertilizer is higher than conventional fertilizers [51,52]. Therefore, exploring the optimized fertilization practices to improve the planting efficiency of maize is necessary in the case of intensive cropping and frequent disturbances. Several studies have discussed the use of the optimum ratio of mixed fertilizers in maximizing maize yield, nutrient utilization efficiency, and economic performance [8,53]. Our results solved the problem of nutrient deficiency during the post-silking stage of fresh waxy maize and demonstrated that optimizing the fertilizer type and fertilization stage increased the fresh ear and grain yield of fresh waxy maize. F2 and F3 as optimized fertilization practices increased root activity and delayed root senescence, but F3 was more effective in increasing the abundance and diversity of bacterial communities in rhizosphere soil, which participate in soil C and N metabolism. Thus, F3 promoted the nutrient cycle in the soil and then improved the SOM and total N content in rhizosphere soil at the middle and late stages, which enhanced the absorption and utilization of nutrients by roots. The Spearman correlation analysis showed that rhizosphere soil chemical and bacterial properties had a significant positive correlation with fresh ear and grain yields. We believe that optimizing the application time of new compound fertilizer increased maize yield by improving rhizosphere soil chemical and bacterial properties, delaying root senescence, and enhancing root activity during the grain-filling period. This method is only limited to spring-sowing maize. The summer maize planting area has high temperature and fast growth, and whether this method can be applied during the summer still needs further research.




5. Conclusions


Optimizing the fertilizer type and fertilization time exhibited significant effects on the rhizosphere soil properties and root physiological properties in the field production of fresh waxy maize. F3 increased the nutrient content by improving the abundance and diversity of bacterial communities, which promoted root physiological properties during the grain filling stage and contributed to yield. Under this experiment, the one-off application of the new compound fertilizer at the six-leaf stage will be an economical cultivation practice for the high-yield production of fresh waxy maize in Southern China.
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Figure 1. Grouped box plot of α diversity index for rhizosphere soil of different fertilization treatments. F0, no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6; R1 and R3 represent silking and milking stages. In each Panel, the abscissa is the grouping label, and the ordinate is the value of the corresponding α diversity index. 
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Figure 2. The phylum horizontal species composition of the declutter heat map for rhizosphere soil of different fertilization treatments. A heat map showing the top 54 bacterial OTUs for soils of different treatments. Y: Yangzhou; N: Nantong; R1: silking stage; R3: milking stage; F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. Analysis software: R script, heat map package. 
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Figure 3. Effects of optimized fertilization practices on organic matter and total N content of rhizosphere soil. Vertical bars are means ± standard deviation (n = 9, from 3 independent plots). Different letters above the bars represent significant differences at p < 0.05 at same stage. Note: F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. V6, R1, and R3 represent six-leaf, silking, and milking stages, respectively. 
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Figure 4. Effects of optimized fertilization practices on root activity and MDA content in root of fresh waxy maize. Vertical bars are means ± standard deviation (n = 9, from 3 independent plots). Different letters above the bars represent significant differences at p < 0.05 at same stage. Note: F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3 and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. R1 and R3 represent silking and fresh ear stages. R-MDA represent malondialdehyde in root. 
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Figure 5. Effects of optimized fertilization practices on ear and grain yield of fresh waxy maize. Bars represent means ± standard deviation (n = 3). Different letters above the bars represent significant differences at p < 0.05. F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. 
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Figure 6. Spearman correlation analysis among rhizosphere soil characteristics, root activity, and yields based on 2 years of fresh waxy maize. F-EY and F-GY represent fresh ear yield and fresh grain yield; S-BA, S-BD, S-O, S-H, S-T, S-L, SOM, and STN represent bacterial abundance, bacterial diversity, oxidoreductase, hydrolases, transferases, lyases, organic matter, and total nitrogen content in rhizosphere soil; R-NE and R-AE represent N metabolic enzymes and antioxidant enzymes in root; R-MDA and RA represent the malondialdehyde content and root activity. 
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Table 1. Analysis of variance for optimized fertilization practices on enzyme activities and nutrient content in rhizosphere soil of fresh waxy maize.
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ANOVA

	
SOM

g kg−1)

	
Total N

(g kg−1)

	
Deh

(U g−1 FW)

	
POD

(U g−1 FW)

	
CAT

(U g−1 FW)

	
NR

(U g−1 FW)

	
Inv

(U g−1 FW)

	
Amy

(U g−1 FW)

	
Ure

(U g−1 FW)

	
Pho

(U g−1 FW)

	
Tsa

(U g−1 FW)

	
TGS

(U g−1 FW)

	
ASPD

(U g−1 FW)

	
GAD

(U g−1 FW)






	
Year

(Y)

	
2018

	
15.6 a

	
1.17 a

	
0.792 a

	
0.169 b

	
0.121 b

	
0.190 b

	
7.53 a

	
0.576 b

	
10.70 a

	
8.08 a

	
3.11 b

	
0.258 b

	
1.92 b

	
3.45 a




	
2019

	
15.4 a

	
1.10 ab

	
0.741 ab

	
0.205 a

	
0.145 a

	
0.214 a

	
6.78 b

	
0.633 a

	
8.39 b

	
7.54 b

	
3.46 ab

	
0.302 a

	
2.13 a

	
3.05 b




	
Site

(S)

	
Yangzhou

	
14.6 b

	
1.06 ab

	
0.776 a

	
0.178 b

	
0.132 a

	
0.200 a

	
7.22 a

	
0.598 b

	
10.00 a

	
7.66 a

	
3.20 a

	
0.276 b

	
2.07 a

	
3.25 a




	
Nantong

	
16.4 a

	
1.20 a

	
0.757 a

	
0.196 a

	
0.134 a

	
0.204 a

	
7.10 b

	
0.611 a

	
9.09 b

	
7.95 a

	
3.36 a

	
0.284 a

	
1.98 b

	
3.25 a




	
Fertilization

(F)

	
F0

	
8.8 d

	
0.85 c

	
0.605 d

	
0.148 d

	
0.105 d

	
0.175 c

	
5.80 e

	
0.453 d

	
7.56 c

	
6.29 d

	
2.76 d

	
0.235 d

	
1.71 c

	
2.59 e




	
F1

	
16.0 bc

	
1.15 b

	
0.800 bc

	
0.194 b

	
0.136 b

	
0.208 ab

	
7.27 c

	
0.621 b

	
9.69 b

	
7.90 b

	
3.32 b

	
0.282 bc

	
2.07 b

	
3.24 c




	
F2

	
17.5 b

	
1.23 ab

	
0.826 b

	
0.200 ab

	
0.145 ab

	
0.215 a

	
7.74 b

	
0.667 ab

	
10.40 ab

	
8.46 ab

	
3.47 ab

	
0.291 b

	
2.16 ab

	
3.52 b




	
F3

	
20.4 a

	
1.31 a

	
0.868 a

	
0.210 a

	
0.150 a

	
0.217 a

	
8.29 a

	
0.690 a

	
10.88 a

	
8.79 a

	
3.67 a

	
0.320 a

	
2.25 a

	
3.97 a




	
F4

	
15.0 c

	
1.13 b

	
0.734 c

	
0.183 c

	
0.128 c

	
0.194 b

	
6.68 d

	
0.590 c

	
9.22 b

	
7.60 bc

	
3.19 c

	
0.271 c

	
1.94 b

	
2.94 d




	
Y

	
0.1

	
3.7 *

	
7.7 *

	
178.7 **

	
97.6 **

	
15.3 **

	
33.0 **

	
106.9 **

	
132.7 **

	
9.9 **

	
18.9 **

	
144.9 **

	
59.3 **

	
27.7 **




	
S

	
19.8 **

	
9.0 *

	
1.4

	
41.7 **

	
6.0

	
0.3

	
0.1

	
17.5 **

	
20.0 **

	
5.2

	
6.6 *

	
3.5

	
9.8 *

	
0.2




	
F

	
66.8 **

	
87.3 **

	
118.7 **

	
96.83 **

	
88.1 **

	
60.8 **

	
54.6 **

	
143.9 **

	
121.7 **

	
109.8 **

	
100.9 **

	
86.2 **

	
69.8 **

	
120.7 **




	
Y × S

	
3.1

	
0.1

	
34.2 **

	
80.6 **

	
19.6 **

	
0.1

	
0.1

	
1.0

	
6.7 *

	
5.3 **

	
4.2

	
0.1

	
40.5 **

	
1.1




	
Y × F

	
0.4

	
4.5

	
1.1

	
0.6

	
2.9

	
16.4 **

	
1.5

	
0.22

	
1.1

	
3.5 *

	
3.3

	
3.8 *

	
1.2

	
2.4




	
S × F

	
4.1 *

	
12.8 **

	
4.7 *

	
4.8 *

	
5.5 *

	
6.7 *

	
1.5

	
1.8

	
11.1 **

	
7.7 *

	
2.8

	
12.4 **

	
2.0

	
1.9




	
Y × S × F

	
1.2

	
4.2 *

	
7.0 *

	
1.2

	
1.0

	
8.4 *

	
1.2

	
1.2

	
1.7

	
5.1 *

	
3.1

	
0.3

	
4.5 *

	
5.5 *








The different letters followed values (means of R1 and R3) within a column mean the difference was significant at p < 0.05 according to Duncan’s Multiple Range Test. F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. SOM, soil organic matter; Deh, POD, CAT, NR, Inv, Amy, Ure, Pho, Tsa, TGS, ASPD, and GAD represent dehydrogenase, peroxidase, catalase, nitrate reductase, invertase, amylase, urease, phosphatase, transaminase, transglycosidase, aspartate decarboxylase, and glutamate decarboxylase in rhizosphere soil, respectively. * and ** indicated significant difference at the 0.05 and 0.01 levels of probability, respectively.
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Table 2. Analysis of variance for optimized fertilization practices on root activity and the activities of N metabolism enzymes and antioxidant enzymes in root of fresh waxy maize.
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ANOVA

	
R-NR

(U g−1 FW)

	
R-GOGAT

(U g−1 FW)

	
R-GS

(U g−1 FW)

	
Root Activity (mg g−1 h)

	
R-MDA

(nmol L−1)

	
R-SOD

(U g−1 FW)

	
R-POD

(U g−1 FW)

	
R-CAT

(U g−1 FW)






	
Year

(Y)

	
2018

	
1.767 a

	
0.854 a

	
0.520 a

	
50.97 b

	
5.526 b

	
32.03 b

	
0.239 b

	
0.083 b




	
2019

	
1.652 b

	
0.576 b

	
0.463 b

	
54.59 a

	
6.029 a

	
35.09 a

	
0.277 a

	
0.091 a




	
Site

(S)

	
Yangzhou

	
1.757 a

	
0.720 a

	
0.491 a

	
52.52 a

	
5.569 ab

	
33.93 a

	
0.256 a

	
0.086 a




	
Nantong

	
1.662 b

	
0.710 a

	
0.492 a

	
53.04 a

	
5.986 a

	
33.19 a

	
0.260 a

	
0.087 a




	
Fertilization

(F)

	
F0

	
1.278 e

	
0.555 d

	
0.346 e

	
35.20 e

	
6.637 a

	
26.32 d

	
0.207 e

	
0.066 d




	
F1

	
1.811 c

	
0.719 c

	
0.505 c

	
54.49 c

	
5.668 c

	
34.14 b

	
0.262 c

	
0.089 bc




	
F2

	
1.881 b

	
0.769 b

	
0.545 b

	
58.42 b

	
5.379 cd

	
36.79 ab

	
0.280 b

	
0.095 ab




	
F3

	
1.967 a

	
0.839 a

	
0.597 a

	
64.07 a

	
5.115 d

	
38.25 a

	
0.298 a

	
0.100 a




	
F4

	
1.611 d

	
0.691 c

	
0.466 d

	
51.72 d

	
6.088 b

	
32.30 c

	
0.243 d

	
0.083 c




	
Y

	
18.6 **

	
317.2 **

	
26.0 **

	
5.4 *

	
6.8 *

	
42.1 **

	
78.4 **

	
35.5 **




	
S

	
7.4 *

	
0.1

	
0.2

	
0.3

	
4.9 *

	
0.3

	
0.6

	
1.1




	
F

	
313.2 **

	
138.0 **

	
148.3 **

	
131.0 **

	
38.6 **

	
50.9 **

	
86.8 **

	
135.1 **




	
Y × S

	
1.8

	
0.1

	
0.3

	
2.0

	
3.3

	
9.7 *

	
0.3

	
38.8 **




	
Y × F

	
15.1 **

	
15.3 **

	
6.6 *

	
4.5 *

	
2.3

	
2.0

	
6.4 *

	
5.4 *




	
S × F

	
1.1

	
2.0

	
0.7

	
1.8

	
1.5

	
4.6 *

	
2.4

	
5.3 *




	
Y × S × F

	
2.9

	
2.6

	
4.2

	
0.6

	
1.0

	
1.7

	
1.7

	
8.4 *








The different letters followed values (means of R1 and R3) within a column mean the difference was significant at p < 0.05 according to Duncan’s Multiple Range Test. F0: no fertilizer; F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. R-NR, R-GOGAT, R-GS, R-MDA, R-SOD, R-POD, and R-CAT represent nitrate reductase, glutamate synthase, glutamine synthetase, malondialdehyde, superoxide dismutase, peroxidase, and catalase in root, respectively. * and ** indicated significant difference at the 0.05 and 0.01 levels of probability, respectively.
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Table 3. Economic analysis (CNY ha−1) related to fertilization methods in 2018 and 2019.
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Year (Y)

	
Site (S)

	
Fertilization (F)

	
Gross Return

	
Fertilizer Cost

	
Fertilization Cost

	
Net Return






	
2018

	
Yangzhou

	
F0

	
13,000 g

	
0

	
0

	
9880 g




	

	

	
F1

	
19,334 d

	
1917

	
750

	
13,547 de




	

	

	
F2

	
20,888 c

	
1917

	
750

	
15,101 cd




	

	

	
F3

	
21,890 b

	
1917

	
750

	
16,103 bc




	

	

	
F4

	
17,490 e

	
1652

	
1500

	
11,218 f




	

	
Nantong

	
F0

	
12,504 g

	
0

	
0

	
9384 g




	

	

	
F1

	
19,994 cd

	
1917

	
750

	
14,207 d




	

	

	
F2

	
21,450 bc

	
1917

	
750

	
15,663 c




	

	

	
F3

	
23,010 ab

	
1917

	
750

	
17,223 b




	

	

	
F4

	
18,008 e

	
1652

	
1500

	
11,736 f




	
2019

	
Yangzhou

	
F0

	
15,356 f

	
0

	
0

	
12,236 ef




	

	

	
F1

	
20,112 cd

	
1917

	
750

	
14,325 d




	

	

	
F2

	
22,172 b

	
1917

	
750

	
16,385 bc




	

	

	
F3

	
23,438 ab

	
1917

	
750

	
17,651 ab




	

	

	
F4

	
18,858 de

	
1652

	
1500

	
12,586 e




	

	
Nantong

	
F0

	
14,340 f

	
0

	
0

	
11,220 f




	

	

	
F1

	
21,630 bc

	
1917

	
750

	
15,843 c




	

	

	
F2

	
23,280 ab

	
1917

	
750

	
17,493 ab




	

	

	
F3

	
24,450 a

	
1917

	
750

	
18,663 a




	

	

	
F4

	
19,228 d

	
1652

	
1500

	
12,956 e




	
Y

	
176.7 **

	

	

	
219.8 **




	
S

	
35.8 *

	

	

	
83.4 **




	
F

	
190.6 **

	

	

	
198.1 **




	
Y × S

	
28.8 **

	

	

	
27.7 **




	
Y × F

	
26.0 **

	

	

	
33.1 **




	
S × F

	
18.6 **

	

	

	
47.2 **




	
Y × S × F

	
15.5 **

	

	

	
32.0 **








The different letters followed values within a column mean the difference was significant at p < 0.05 according to Duncan’s Multiple Range Test. F0, no fertilizer. F1, F2, and F3 represent new compound fertilizer applied 225 kg N ha−1 at sowing, V3, and V6 stages, respectively; F4: applied 75 kg N ha−1 traditional compound fertilizer at sowing stage and 150 kg N ha−1 urea at V6 stage. * and ** indicated significant difference at the 0.05 and 0.01 levels of probability, respectively.
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