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Introduction

Long-term application of excessive nitrogen (N) not only leads to low N use efficiency (NUE) but also exacerbates the risk of environmental pollution due to N losses. Substituting partial chemical N with organic fertilizer (SP) is an environmentally friendly and sustainable fertilization practice. However, the appropriate rate of SP in rainfed maize cropping systems in semi-arid regions of China is unknown.





Methods

Therefore, we conducted a field experiment between 2021 and 2022 in a semi-arid region of Northern China to investigate the effects of SP on maize growth, carbon and N metabolism (C/NM), and NUE. The following treatments were used in the experiment: no N application (CK), 100% chemical N (SP0, 210 kg N ha–1), and SP substituting 15% (SP1), 30% (SP2), 45% (SP3), and 60% (SP4) of the chemical N. The relationship between these indicators and grain yield (GY) was explored using the Mantel test and structural equation modeling (SEM).





Results and discussion

The results found that the SP1 and SP2 treatments improved the assimilates production capacity of the canopy by increasing the leaf area index, total chlorophyll content, and net photosynthetic rate, improving dry matter accumulation (DMA) by 6.2%–10.6%, compared to the SP0 treatment. SP1 and SP2 treatments increased total soluble sugars, starch, free amino acids, and soluble protein contents in ear leaves via increasing the enzymatic reactions related to C/NM in ear leaves during the reproductive growth stage compared with SP0 treatment. The highest plant nitrogen uptake (PNU) and nitrogen recovery efficiency were obtained under the SP2 treatment, and the GY and nitrogen agronomic efficiency were higher than the SP0 treatment by 9.2% and 27.8%. However, SP3 and SP4 treatments reduced DMA and GY by inhibiting C/NM in ear leaves compared to SP0 treatment. Mantel test and SEM results revealed that SP treatments indirectly increased GY and PNU by directly positively regulating C/NM in maize ear leaves. Therefore, in the semi-arid regions, substituting 30% of the chemical N with SP could be considered. This fertilizer regime may avoid GY reduction and improve NUE. This study provides new insights into sustainable cultivation pathways for maize in semi-arid regions.
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1 Introduction

The exponential surge in food demand due to the rapid growth in the population globally and the reduction in crop yields by extreme global climate change poses significant challenges to agricultural production. Maize is a vital food crop with wide adaptability, high productivity, and versatility. In China, maize cultivation spanned 44.22 million hectares in 2023, widely distributed across all provinces (National Bureau of Statistics, 2023). In recent decades, Chinese maize growers have boosted maize yields using large amounts of chemical fertilizers. However, prolonged and excessive use of chemical fertilizers resulted in environmental problems, including soil quality degradation and agricultural pollution (Zhang et al., 2021; He et al., 2022a; He et al., 2022b; Wang et al., 2023). Overuse of chemical fertilizers increases the cost of agricultural production and potentially hampers crop growth, reducing maize yield and quality (Liu L. et al., 2022; Yan et al., 2023). China has been implementing measures to reduce fertilizer use since 2015 and achieve zero growth in fertilizer application by 2025 (He et al., 2022a; Cao et al., 2023). Consequently, exploring practices that ensure sustainable, stable, and high maize yields is critical while reducing chemical fertilizer application.

With the increasing awareness of environmental protection and food safety in people, organic fertilizers (SP), green and environmentally friendly fertilizer resources, are becoming popular. Replacing partial chemical nitrogen (N) fertilizers with SP is more conducive to achieving stable and high crop yields (Burke et al., 2022; He et al., 2022b). SP mainly includes animal manure, crop residues, and industrial and urban wastes. They are rich in organic matter (such as amino acids, organic acids, and peptides) and inorganic nutrients like N, phosphorus (P), and potassium (K). These fertilizers improve soil structure and fertility and enhance plant resistance to disease (Zhang et al., 2021; Zhai et al., 2022). SP provides nutrients for crop growth, improves the physical and chemical properties of the soil by increasing the soil’s organic carbon content and active and inert carbon content, and enhances the soil’s water and fertilizer retention capacity, thereby increasing crop water use efficiency (Wang et al., 2022a; Wu G. et al., 2024). However, nutrient release from SP is slow, and the release rate is influenced by soil temperature and moisture. This slow release may fail to ensure sufficient nutrient supply during rapid crop growth or yield formation (Liang et al., 2023). Therefore, to meet nutrient requirements during crop growth and yield formation, the excessive substitution of SP should be avoided; otherwise, it may result in yield reductions (Liu Z. et al., 2022; He et al., 2022a). Moreover, the appropriate substitution ratios should be adjusted according to the climatic and soil conditions of the region (Bhunia et al., 2021; Wu G. et al., 2024). Many researchers demonstrated the effects of SP on maize growth and yield (Zhai et al., 2022; Fudjoe et al., 2022); however, previous research only focused on the potential of SP in improving soil physicochemical properties (Zhang et al., 2021; He et al., 2022a; He et al., 2022b), and microbial community structure (Li et al., 2023; Hu W. et al., 2023) and reducing greenhouse gas emissions (Wang et al., 2020; Hu Y. et al., 2023; Hu W. et al., 2023). A few studies investigated how SP affects yield formation by regulating physiological and metabolic processes in maize plants.

Carbon and N metabolism (C/NM) are crucial physiological metabolic pathways in crops, essential for crop growth and yield formation (Hu et al., 2021); leaf C/NM directly affects crop growth and yield formation (Wang et al., 2023; Li et al., 2023). Carbon metabolism mainly involves carbon assimilation, reduction, and transformation in photosynthesis, providing energy and structural materials for plants. N metabolism involves N uptake, assimilation, and conversion, which provide the basis for synthesizing vital substances such as proteins and nucleic acids (Liang et al., 2023; Liu et al., 2024). N metabolism requires carbon metabolism to provide a carbon skeleton and energy support, while carbon metabolism needs nitrogen metabolism to provide the involvement of enzymes and photosynthetic pigments, among other substances (Erdal, 2019). Maintaining high levels of leaf C/NM in maize during the reproductive growth stage using agronomic practices improves grain yield (GY) and resource use efficiency (Liang et al., 2023; Li et al., 2023, 2024). SP can balance the nutrient requirements of maize during different growth stages by regulating the availability of fast-acting nutrients in the soil, demonstrating the potential of SP in enhancing the maize leaf C/NM (Wang et al., 2023; Liang et al., 2023; Zhai et al., 2024). However, it remains unclear which SP ratios can maintain high levels of leaf C/NM processes during reproductive growth in rainfed maize cropping systems in semi-arid regions.

We investigated the effects of SP on maize plant growth, photosynthesis, C/NM, and GY by setting up different SP substitution ratios in a rainfed maize cropping system in a semi-arid region of Northern China. We hypothesized that (1) an appropriate substitution ratio of SP promotes assimilate production and plant growth by increasing photosynthetic area, pigment content, and gas exchange capacity. (2) An appropriate substitution ratio of SP enhances the transfer of carbon and N metabolites to the kernel by accelerating enzymatic reactions related to C/NM in leaves during the reproductive growth stage, ultimately increasing GY. This study aimed to reveal the mechanism by which SP stabilizes and increases maize yield and provide novel insights into sustainable production pathways that reduce fertilizer dependence and improve resource use efficiency in rainfed maize cropping systems in semi-arid regions.




2 Materials and methods



2.1 Experimental site

The experiment was conducted in 2021 and 2022 in Xiedian Town, Wanrong County, Shanxi Province (110°86′E, 35°44′N). The experimental region was situated in a temperate continental monsoon climate zone at an elevation of 354.5 m. The average temperature over the years was 14.4°C, the average annual precipitation was 624.5 mm, and the average total sunshine hours was 2216 h (Wang et al., 2022b). Monthly precipitation and average temperature for 2021 and 2022 are given in Figure 1; the precipitation for the two maize growing seasons (May–September) was 515.9 and 426.2 mm, respectively. The soil type is brown loamy soil with a light loamy texture. The previous crop was wheat, and soil samples were collected from the 0–20 cm soil layer of the test site before sowing. The soil physicochemical properties were determined according to the method reported by Bao (2000). The soil organic matter content before sowing in both years was 23.5 g kg–1, total N 1.12 g kg–1, hydrolyzable N 113.4 mg kg–1, total P 0.85 g kg–1, available P 25.52 mg kg–1, available K 158.2 mg kg–1, and pH 7.9.




Figure 1 | (A, B) Average air temperature and precipitation in the experiment region in 2021 and 2022.






2.2 Experimental design

A randomized block design was employed, including no N fertilization (0 kg N ha–1) (CK) treatment and five substituting partial chemical N fertilizers with SP treatments (Table 1). The five treatments were 0% chemical N fertilizer substitution with SP (SP0, 210 kg N ha–1), 15% chemical N fertilizer substitution with SP (SP1), 30% chemical N fertilizer substitution with SP (SP2), 45% chemical N fertilizer substitution with SP (SP3), and 60% chemical N fertilizer substitution with SP (SP4). There were three replications for each treatment, totaling 18 plots, each with an area of 50 m2 (10 × 5 m). The maize variety was ‘Denghai 605’ (Denghai Seed Industry Co., Ltd, Shandong, China), which is widely grown in the region. The seeds were sown on May 5, 2021, and May 7, 2022, at a planting density of 60,000 plant ha–1, with a row spacing of 55 cm and a plant spacing of 30 cm.


Table 1 | Application rates of chemical nitrogen and organic fertilizers, calcium superphosphate, and potassium sulfate in different treatments.



The chemical N fertilizer was urea (46% N content), and the SP was granular SP produced by the fermentation of chicken manure (Yinghe Biological Technology Co., Ltd, Shijiazhuang, China). The organic fertilizer contained 45% organic matter, 3% total N, 1.0% total P, and 1.0% total K. The total N application rate for all treatments was 210 kg N ha–1, and the details of SP substituted chemical N are provided in Table 1. The applied SP contained small amounts of P and K. To ensure consistent application rates of P fertilizers (120 kg ha–1) and potash fertilizers (150 kg ha–1) across all treatments, the shortages were supplemented using calcium superphosphate (16% of P2O5 content) and potassium sulfate (50% of K2O content). Before sowing, all organic, P, and potash fertilizers were applied as basal fertilizers and thoroughly mixed with the soil using a tractor (Zhongjin Construction Machinery Co., Ltd, Jining, China). Moreover, 40% of the chemical N fertilizer was used as basal fertilizer, and 60% was applied manually in holes at the bell-mouth stage (twelve-leaf stage, V12). All plots received the same agronomic management, including weeding and application of insecticides.




2.3 Gas exchange and photosynthetic enzyme activity

At the six-leaf (jointing stage, V6), twelve-leaf (bell-mouth stage, V12), silking (R1), and milk maturity (R3) stages in the two growing seasons, three uniformly growing plants were selected from each plot. The net photosynthesis (Pn) of the ear leaves was measured using the LI-6400 portable photosynthesis system (LI-COR, Biosciences, Lincoln, NE, USA) from 10 a.m. to 12 p.m. on a sunny day. For Pn measurement, the light intensity was set at 1600 µmol m–2 s–1 using LED red and blue light sources, the CO2 concentration was set at 400 µmol CO2 mol–1 (provided by CO2 gas cylinders), and the temperature in the leaf chamber was set at 25°C. After measuring the gas exchange, a part of the ear leaves was cut and stored in an ultra-low temperature freezer at –80°C to determine enzyme activity. Furthermore, 0.5 g of fresh leaves were weighed and ground in 2 mL of buffers (10 µmol DDT, 0.5 mM EDTA, 10% glycerol (v/v), and 50 mM Tris-HCl (pH = 7.8) (Huang et al., 2021). After the grinding was centrifuged, a ribulose diphosphate carboxylase/oxygenase (Rubisco) activity assay kit (Solarbio Science & Technology Co., Ltd., Beijing, China) was used to assess Rubisco enzyme activity in the supernatant.




2.4 Chlorophyll content and dry matter accumulation

Three plants with measured gas exchange were selected during maize growth stages of V6, V12, R1, and R3 in two growing seasons and cut along the roots. All leaves were collected, and the leaf area of individual plants was determined using an LI-3100C leaf area meter (LI-COR, Biosciences, Lincoln, NE, USA). The leaf area index (LAI) was calculated by multiplying the leaf area of a single plant by the number of plants per unit area (Chen et al., 2022). Subsequently, 0.2 g of ear leaves were weighed and placed in 25 mL of anhydrous ethanol for 48 h with light-avoidance maceration. The absorbance of the extracts was measured at 665, 649, and 470 nm. The chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoid (Car) contents were calculated according to Equations 1–3 (Liang et al., 2023). The total chlorophyll content (TCC) was measured by adding Chla and Chlb. The DMA per plant was assessed by placing the whole plant in an oven at 105°C for 30 min and drying at 85°C until constant weight was achieved. DMA per unit area was calculated by multiplying the dry weight per plant by the planting density (Li et al., 2024).

 

 

 

where, the  ,   and   are the absorbance of the extracts at 665, 649, and 470 nm, respectively.




2.5 Total soluble sugars, starch content, free amino acids, and soluble protein content

The R1 stage is critical for translocating assimilates, produced in the ear leaves, to the kernel and determining GY (Liu Z. et al., 2022; Rossini et al., 2023). We selected three plants with uniform growth at the R1 stage of the two maize growing seasons. Ear leaves were used to determine the TSS, SC, FAA, and SP. To evaluate TSS and SC, 0.5 g of fresh leaves were taken in 15 mL of distilled water. After a water bath in boiling water for 30 min, the solution was fixed to 100 mL. The TSS and SC were determined by the anthrone colorimetric method, as reported by Yue et al. (2022). Similarly, 0.5 g of fresh leaves were ground thoroughly in 0.2 M phosphate buffer (pH = 7.0). The FAA content was evaluated using the ninhydrin reagent method described by Zia et al. (2023). The SPC content in 0.2 g of fresh sample was determined using Coomassie brilliant blue G-250 reagent, as reported by Cong et al. (2023).




2.6 Key enzyme activities of sugar and N metabolism processes in ear leaves

At the R1 stage of the two maize growing seasons, three uniformly growing maize plants were selected from each plot, and fresh ear leaves were collected. The activities of invertase (INV), sucrose synthase (SS), sucrose phosphate synthase (SPS), nitrate reductase (NR), glutamine synthetase (GS), and glutamate synthetase (GOGAT) were measured using activity kits provided by Solarbio Science & Technology Co. Ltd. (Beijing, China). The tests were conducted according to the manufacturer’s instructions.




2.7 GY and N recovery efficiency

During the physiological maturity stage of the two maize growing seasons, a 10.0 m2 area from each plot was selected to harvest all ears, and the number of ears was recorded. Ears were threshed, dried (moisture content of grains not more than 14%), and weighed to calculate GY per unit area. Ten ears of uniform size were selected from the harvested ears and threshed to determine the thousand-grain weight. Six uniformly grown plants in each plot were selected to obtain the above-ground portion. The six plants were separated into stalks, leaves, bracteal leaves, and seeds, dried in an oven at 85°C to a constant weight, and weighed to record the DMA. The dried stalks, leaves (including bracteal leaves), and seeds were pulverized using a pulverizer (DFY500, Dingli Medical Equipment Co., Ltd, Wenzhou, China), sieved (0.5 mm mesh), desorbed using H2SO4-H2O2, and heated for digestion. The total N content in the stalks, leaves (including bracteal leaves), and seeds was determined using the Kjeldahl method (Bao, 2000). The plant nitrogen uptake (PNU, kg ha–1), NRE, %) and nitrogen agronomic efficiency (NAE, kg kg–1 N) were calculated according to Equations 4–6 reported by Wang et al. (2023).

 

 

 

PNC and PDM represent the plant N content (mg g–1) and plant dry matter (kg ha–1), respectively, and i denotes the stalks, leaves (including bracteal leaves), and seeds.   and   means the PNU of fertilization and non-fertilization treatments, respectively.   represents the total N application rate (kg N ha–1).   and   represent the GY (kg ha–1) of fertilization and non-fertilization treatments, respectively.




2.8 Statistical analysis

All data were analyzed using one-way analysis of variance (ANOVA) and the Statistical Package for the Social Sciences software (version 25.0; SPSS Inc., Chicago, USA). Duncan’s multiple range test was employed to compare significant differences between treatments (p< 0.05). The statistical data were visualized using Origin 2023 (Originlab, USA). Furthermore, we constructed structural equation models (SEM) and performed Mantel tests for sugar and N metabolites, sugar and N metabolism catalytic enzymes, photosynthesis processes, GY, and PNU using AMOS 26.0 (SPSS Inc., Chicago, USA) and the OmicShare platforms (https://www.omicshare.com/tools/). SEM fitness was determined by the chi-square degrees of freedom ratio (χ2/df ≤ 2.0), the goodness-of-fit index (> 0.90), and the root mean square error of approximation (≤ 0.1). The SEM was visualized using Microsoft PowerPoint 2019.





3 Results



3.1 LAI, Pn, and Rubisco activity

The ANOVA results in Table 2 revealed that LAI, Pn, and Rubisco activity at various growth stages significantly differed between the two growing seasons (p< 0.05). LAI, Pn, and Rubiso activity were significantly influenced by SP treatment (p< 0.05) and remained unaffected by year (Y) and SP interaction in most stages (p > 0.05). The LAI, Pn and Rubiso activity of all treatments initially increased and subsequently decreased with maize growth and development (Figure 2). Compared with the CK treatment, all SP treatments (SP0–SP4) increased maize LAI (Figures 2A, B), Pn (Figures 2C, D), and Rubiso activity (Figures 2E, F) at the V6, V12, R1, and R3 stages, highest increase was observed at the R1 stage. At the R1 stage, compared to the SP0 treatment, the SP1 and SP2 treatments increased LAI, Pn, and Rubiso activity by 9.7%–17.4% (p< 0.05), 3.7%–8.9%, and 6.0%–10.7% (p< 0.05), respectively. Conversely, the SP3 and SP4 treatments reduced LAI, Pn, and Rubiso activity by 2.5%–6.8%, 1.8%–5.1%, and 3.1%–9.4%, respectively. The LAI, Pn, and Rubisco activity of the SP4 treatment non-significantly differed from the CK treatment.


Table 2 | The ANOVA of leaf area index (LAI), net photosynthetic rate (Pn), Rubisco activity, total chlorophyll content (TCC), carotenoid content (Car), dry matter accumulation (DMA), total soluble sugar content (TSS), starch content (SC), invertase activity (INV), sucrose synthase activity (SS), sucrose phosphate activity (SPS), free amino acids content (FAA), soluble proteins content (SP), nitrate reductase activity (NR), glutamine synthetase activity (GS), and glutamate synthetase activity (GOGAT).






Figure 2 | (A–F) Changes in leaf area index, net photosynthetic rate, and Rubisco activity under different treatments in 2021 and 2022. V6, V12, R1, and R3 correspond to the jointing, bell-mouth, silking, and milk maturity stages, respectively. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






3.2 Chlorophyll content and DMA

The ANOVA results in Table 2 demonstrated that TCC, Car contents, and DMA at various growth stages significantly differed between the two growing seasons (p< 0.05). TCC, Car contents, and DMA were significantly affected by SP treatment (p< 0.05), while they remained unaffected by Y and SP interaction in most stages (p > 0.05). The TCC and Car contents of ear leaves in all treatments increased and then decreased with maize growth and development, reaching the highest at the R1 stage. At the R1 stage, compared with the CK treatment, the TCC and Car contents of all SP treatments significantly increased by 17.7%–38.8% and 29.7%–49.3%, respectively (Figures 3A, D). Compared with the SP0 treatment, SP1–SP4 increased the TCC and Car contents in the ear leaves. The highest TCC and Car contents were recorded in the SP2 treatment, which significantly increased by 8.0% and 13.1% compared to the SP0 treatment. However, higher SP treatments (SP3 and SP4) decreased TCC and Car contents compared with the SP0 treatment. There was no significant difference in DMA between SP0, SP1, and SP2 treatments at maize harvest (Figures 3E, F). However, compared with the SP0 treatment, the SP4 treatment significantly reduced DMA by 12.6% (p< 0.05) by reducing the MDAstalk (Supplementary Table S1; Figures 3E, F).




Figure 3 | (A–F) Effect of different treatments on total chlorophyll content, carotenoid content, and dry matter accumulation at different growth stages of maize in 2021 and 2022. V6, V12, R1, and R3 correspond to the jointing, bell-mouth, silking, and milk maturity stages, respectively. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






3.3 Soluble sugars, SC, FAA, and protein content

As illustrated by the ANOVA results in Table 2, TSS, SC, FAA, and SP significantly differed between the two growing seasons (p< 0.05) and were significantly affected by SP treatment (p< 0.05). In addition, TSS and FAA were significantly influenced by the Y and SP interaction (p< 0.05). In both growing seasons, all SP treatments significantly increased TSS, SC, FAA, and SPC in ear leaves by 8.5%–38.3%, 16.3%–43.9%, 12.4%–35.0%, and 2.9%–15.2%, respectively, compared with the CK treatment (Figure 4). TSS, SC, FAA and SPC in ear leaves increased and then decreased with the increasing percentage of SP substituting chemical N fertilizer, reaching the highest in SP2 treatment and the lowest in the SP4 treatment. Compared with the SP0 treatment, the TSS, SC, FAA, and SPC increased in the SP1 and SP2 treatments by 9.7%–17.5%, 5.7%–13.4%, 3.8%–14.7%, and 5.1%–9.5%, respectively. However, aforementioned variables decreased in the SP3 and SP4 treatments by 3.7%–13.8%, 8.5%–13.7%, 7.5%–13.8%, and 3.2%–6.2%, respectively. The TSS, FAA, and SP contents in the SP4 treatment non-significantly differed from those in the CK treatment.




Figure 4 | (A–H) Total soluble sugar, starch, free amino acids, and soluble protein content of different treatments at the silking stage (R1) in 2021 and 2022. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






3.4 Enzyme activity of sugar metabolism in ear leaves

The ANOVA results in Table 2 revealed that INV, SS, and SPS significantly differed between the two growing seasons (p< 0.05). INV, SS, and SPS were significantly impacted by SP treatment (p< 0.05) while remaining unaffected by Y and SP interaction (p > 0.05). In both growing seasons, the activities of INV, SS, and SPS in ear leaves significantly increased by 7.4%–41.4%, 15.0%–46.8%, and 8.1%–29.5%, respectively, in all SP treatments compared with the CK treatment (Figure 5). The activities of INV, SS, and SPS in ear leaves increased and then decreased with the increasing percentage of SP substituting chemical N fertilizer, reaching the highest in the SP2 treatment and the lowest in the SP4 treatment (Figures 5A–F). Compared with the SP0 treatment, the activities of INV, SS, and SPS significantly increased by 11.1%–14.7%, 6.8%–13.5%, and 11.3%–21.2%, respectively, in the SP1 and SP2 treatments, while they significantly decreased by 8.2%–15.6%, 9.9%–16.3%, and 2.5%–7.0% (p > 0.05), respectively, in the SP3 and SP4 treatments. The differences in SPS activities between the SP4 and CK treatments were non-significant. Correlation analysis found that the activities of INV, SS, and SPS were significantly positively correlated with TSS and SC contents in maize ear leaves in both growing seasons (Figure 6A).




Figure 5 | (A–F) The activities of invertase, sucrose synthase, and sucrose phosphate synthase under different treatments at the silking stage (R1) in 2021 and 2022. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






Figure 6 | Correlation analysis between sugar metabolites and related enzyme activities (A) and nitrogen metabolites and related enzyme activities (B). TSS, SC, INV, SS, and SPS refer to total soluble sugar content, starch content, invertase activity, sucrose phosphate activity, and sucrose phosphate activity, respectively. FAA, SP, NR, GS, and GOGAT refer to free amino acids content, soluble protein content, nitrate reductase activity, glutamine synthetase activity, and glutamate synthetase activity, respectively.






3.5 Enzyme activity of N metabolism in ear leaves

As represented in Table 2, ANOVA findings revealed that NR, GS, and GOGAT significantly differed between the two growing seasons (p< 0.05). NR, GS, and GOGAT were significantly influenced by the SP treatment (p< 0.05) while remaining unaffected by Y and SP interaction (p > 0.05). In both growing seasons, the activities of NR, GS, and GOGAT in ear leaves were significantly increased by 11.2%–31.4%, 30.1%–77.3%, and 15.3%–41.3%, respectively, in all SP treatments compared with the CK treatment (Figure 7). The activities of NR, GS, and GOGAT in ear leaves increased and then decreased with increasing percentage of SP substituting chemical N fertilizer, reaching the highest in the SP2 treatment and the lowest in the SP4 treatment (Figures 7A–F). Compared with the SP0 treatment, the activities of NR, GS, and GOGAT were significantly increased by 6.2%–8.9%, 13.0%–21.4%, and 2.9%–11.2%, respectively, in the SP1 and SP2 treatments, while they decreased by 5.7%–10.2%, 9.1%–16.9%, and 9.2%–18.4%, respectively, in SP3 and SP4 treatments. Correlation analysis revealed that NR, GS, and GOGAT activities in ear leaves were significantly positively correlated with FAA and SP contents in maize ears in both growing seasons (Figure 6A).




Figure 7 | (A–F) The activities of nitrate reductase, glutamine synthetase, and glutamate synthetase under different treatments at the silking stage (R1) in 2021 and 2022. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






3.6 PNU, NU distribution, and NRE

SP treatments (SP0–SP4) did not increase the total N content of stalk, leaf, and grain in two growing seasons compared with CK treatments (Supplementary Table S1). However, SP treatments significantly increased PNU by 20.1%–35.1% at harvest by increasing the DMA of stalk, leaf, and grain (Figure 8; Supplementary Table S1). The PNU increased and then decreased with increasing SP ratio; SP2 treatment exhibited the highest PNU. The PNU was 7.8% (p< 0.05 in 2021) higher in SP2 treatment compared with SP0 treatment in both growing seasons. However, SP3 and SP4 treatments reduced PNU by 6.6% (p< 0.05) and 12.2% (p< 0.05) by decreasing grains N uptake as compared with SP0 treatment (Figure 8). SP2 treatment increased NRE by 16.6%–111.9% (p< 0.05 in 2021) through increasing PNU compared with other treatments (Figures 8B, D).




Figure 8 | (A–D) The plant nitrogen uptake and recovery efficiency under different treatments at the harvest stage in 2021 and 2022. CK refers to no chemical and organic nitrogen fertilizer. SP0 refers to 100% chemical nitrogen fertilizer (210 kg N·ha–1), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical nitrogen fertilizer substituted with organic fertilizer, respectively. Different letters indicate significant differences at p< 0.05 by Duncan’s multiple range test.






3.7 Yield and yield components, NAE

The ear number (EN), kernel number (KN), thousand kernel weight (TKW), GY, and NAE of maize displayed no significant differences between the two growing seasons (Table 3). All SP treatments demonstrated no significant effect on EN; however, they significantly increased KN, TKW, and GY by 36.8%–45.5%, 10.4%–13.0%, and 41.2%–63.5%, respectively, as compared with the CK treatment. Additionally, the other SP treatments non-significantly affected KN and TKW compared with the SP0 treatment. The SP2 treatment increased GY by 9.2% (p< 0.05 in 2021) than the SP0 treatment by increasing KN per unit area (10.1%). The SP2 treatment resulted in the highest NAE in both growing seasons, significantly 27.8% higher than the SP0 treatment (Table 3).


Table 3 | Ear number (EN), kernel number (KN), thousands kernel weight (TKW), grain yield (GY), and nitrogen agronomic efficiency (NAE) for different treatments in 2021 and 2022.






3.8 Correlation analysis and SEM

A positive correlation was observed between sugar metabolism (TSS, SC, INV, SS, and SPS), N metabolism (FAA, SP, NR, GS, and GOGAT), and photosynthesis (TCC, Car, LAI, Pn, and Rubisco activity) in maize ear leaves. The correlation coefficients among these indexes were all greater than 0.5 (Figure 9A). The Mantel test results revealed that sugar and N metabolism and photosynthesis were significantly positively correlated with maize GY, yield components, and PNU (p< 0.05) (Figure 9B). SEM indicated that SP indirectly increased carbon and N metabolites in ear leaves, PNU and GY at harvest via directly positively affecting enzyme activities related to sugar and N metabolism, and photosynthesis (Figure 9B).




Figure 9 | Correlation analysis between sugar metabolism processes, nitrogen metabolism processes, and photosynthesis processes in maize ear leaves, and Mantel test of these processes with grain yield and yield components (A). Structural equation modeling (SEM) reveals the effects of carbon and nitrogen metabolic processes under different treatments on plant nitrogen uptake and grain yield (B). Indicators that indicate the process of sugar metabolism include total soluble sugar content (TSS), starch content (SC), invertase activity (INV), sucrose synthase activity (SS), and sucrose phosphate activity (SPS). Indicators that indicate the process of nitrogen metabolism include free amino acids content (FAA), soluble proteins content (SP), nitrate reductase activity (NR), glutamine synthetase activity (GS), and glutamate synthetase activity (GOGAT). Indicators that indicate the process of photosynthesis processes include total chlorophyll content (TCC), carotenoid (Car), leaf area index (LAI), and net photosynthetic rate (Pn). Yield components included ear number, kernel number, and thousand kernel weight. χ2/df, GFI, and RMSEA refers to the chi-square degrees of freedom ratio (χ2/df ≤ 2.0), goodness-of-fit index (GFI > 0.90), and root mean squared error of approximation (RMSEA ≤ 0.1), respectively.







4 Discussion



4.1 Suitable SP substitution ratio promoted plant growth and increased DMA by improving assimilate productivity in the canopy

The assimilate production capacity of the canopy is the foundation for DMA and crop yield formation. Maximizing the use of light energy and enhancing photosynthetic efficiency are the primary determinants for high crop yields (Guo et al., 2022). In this study, SP1 and SP2 treatments increased LAI and Pn by increasing chlorophyll content (TCC and Car) and Rubisco activity in leaves at different stages of maize, compared to the SP0 treatments (Figures 2, 3). Increased LAI, chlorophyll content, Pn, and Rubisco activity at the maize vegetative growth stage (before R1) resulted in higher efficiency of light interception and assimilate production, and assimilates were stored in leaves and stalks, increasing DMA (Suárez et al., 2022). Similar results were obtained in our study (Figure 3). The SP1 and SP2 treatments maintained high chlorophyll content, Pn, and Rubisco activity in maize leaves at the reproductive growth stage, demonstrating a positive effect on the sustained source activity and transfer of leaf-produced assimilates to the grain (Ma et al., 2021; Zhai et al., 2024). Therefore, GY under SP1 and SP2 treatments was increased by 3.6%–9.2% at harvest compared to the SP0 treatment.

Furthermore, SP3 and SP4 treatments resulted in varying degrees of reduction in LAI, chlorophyll content, Pn, and Rubisco activity at different stages compared to the SP0 treatment. There were no significant differences in LAI, chlorophyll content, Pn, and Rubisco activity in the SP4 treatment compared to the CK treatment (Figures 2, 3). Ma et al. (2024) and Fei (2024) reported that excessive SP reduced soil nutrient content, enzyme activity, and microbial community abundance, causing an insufficient supply of inorganic nitrogen to the soil, negatively impacting maize plant growth (He et al., 2022a; Zhai et al., 2022). Wu X. Y. et al. (2024) found that SP substitution above 25% resulted in an insufficient supply of fast-acting nutrients to maize during the vegetative growth stage, which decreased leaf growth and DMA by reducing chlorophyll content and Pn and negatively affecting the reproductive growth stage of maize. However, in this study, substitution of more than 30% negatively affected maize growth, which may be related to the different soil and climatic conditions in the experimental regions (Bhunia et al., 2021; Cao et al., 2023).




4.2 Suitable SP substitution ratio increased GY by promoting C/NM in ear leaves

This study found that SP1 and SP2 increased carbohydrate accumulation in leaves by increasing the photosynthetic productivity of the canopy compared with the SP0 treatment, resulting in an increase in TSS and SC in ear leaves by 9.7%–17.5% and 5.7%–13.4%, respectively. SP1 and SP2 also increased FAA and SPC in ear leaves by 3.8%–14.7% and 5.1%–9.5%, respectively, compared with the SP0 treatment (Figure 4). Suitable substitution ratios can maintain the fast-acting nutrient content of the soil at different growth stages of maize, increased inorganic N content of the soil positively effect on accelerating the enzymatic reactions related to C/NM (Muhammad et al., 2022; Yue et al., 2022; Ren et al., 2023). Correlation analyses and SEM results of this study revealed that the increased carbon and N metabolites were mainly associated with increased activities of enzymes involved in C/NM in the leaves, and these enzyme activities were directly, significantly, and positively regulated by the SP treatment (Figures 6, 9). The carbon and N metabolites in the leaves transferred to the ear increased the number of grains in the ears and TKW at the harvest stage, increasing GY by 8.0% under the SP2 treatment compared to the SP0 treatment (Table 2). Therefore, the SP1 and SP2 promoted GY formation via increasing sugar and N metabolism processes in the ear leaves of maize during the reproductive growth stage.




4.3 Suitable SP substitution ratio improved NRE by regulating N supply

In this study, the PNU at harvest was 5.8% (two-year average, p< 0.05 in 2021) higher in the SP2 treatment compared to the SP0 treatment, while the SP4 treatment significantly reduced PNU (Figure 8). Our results were consistent with the findings of Wu X. Y. et al. (2024) and Lou et al. (2024). This could be because substituting a small amount of chemical N (30%) with SP ensured nutrient supply during maize’s early and middle stages. This allowed the plant to rapidly absorb available N from the soil and form a sufficiently large source (Liang et al., 2023). On the contrary, an excessive SP substitution rate can slow plant growth due to insufficient supply of fast-acting nutrients in the early stage, reducing N uptake and accumulation (Wang et al., 2023). The SP2 treatment in this study improved N uptake and utilization by synchronizing N demand for maize growth, resulting in the highest PNU (247.5 kg N ha–1), GY (13.7 Mg ha–1), NRE (36%), and NAE (25.2 kg kg–1) (Figure 8; Table 3).

Although increasing the rate of SP application can enhance soil structure and soil fertility, studies, including ours, found that SP is low in nutrients, challenging to transport and apply (high cost), and cannot be applied in large quantities to satisfy crop growth needs (Bhunia et al., 2021). Therefore, an excessive substitution rate of SP is not recommended. This study only revealed the effects of leaf sugar and N metabolism and assimilate productivity on yield formation at the ear leaves in the SP substituting chemical N treatments. However, the soil fertilizer supply capacity is related to soil physicochemical properties and microbial diversity (Gu et al., 2019; Poveda, 2021; Yan et al., 2023). In the future, we should focus on the regulation of organic fertilizer replacing partial chemical N fertilizers on soil physicochemical properties and microbial diversity in maize planting system to provide new perspectives on how SP replacing chemical N fertilizers can improve maize yield and N use efficiency.





5 Conclusion

In the rainfed maize cropping system, compared with the SP0 treatment, the SP2 treatment improved canopy assimilate production capacity and dry matter accumulation at harvest by increasing the leaf area index, pigment content, net photosynthetic rate, and Rubisco activity of ear leaves. Additionally, SP2 treatment increased sugar and N metabolites by accelerating the enzymatic reactions related to sugar and N metabolism in the ear leaves during the reproductive growth stage of maize. Increased N metabolites enhanced plant N uptake and N recovery efficiency, while increased sugar metabolites promoted seed formation and improved grain yield. However, excessive SP replacement negatively affected canopy assimilate production capacity, slowed plant growth during the vegetative growth stage, and reduced sugar and N metabolism during the reproductive growth stage, deterring grain yield formation and plant N uptake. Therefore, in rainfed maize cropping systems, it is recommended that 30% of chemical N fertilizers should be substituted with organic fertilizer to improve N use efficiency without reducing grain yield.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

LW: Investigation, Methodology, Software, Validation, Visualization, Writing – original draft. HZ: Investigation, Software, Visualization, Writing – review & editing. CF: Data curation, Formal analysis, Funding acquisition, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by the Research Initiation Program for Publicly Recruited Ph.D. Students at Gansu Agricultural University (GAU-KYQD-2022-08) and the Special Research Program for Excellent Doctors to Come to Shanxi (QZX-2023029).




Acknowledgments

We thank Home for Researchers editorial team (www.home-for-researchers.com) for language editing service.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1442123/full#supplementary-material




References

 Bao, S. D. (2000). Soil and Agriculture Chemistry Analysis, 3rd Edn (Beijing: China Agriculture Press).

 Bhunia, S., Bhowmik, A., Mallick, R., and Mukherjee, J. (2021). Agronomic efficiency of animal-derived organic fertilizers and their effects on biology and fertility of soil: A review. Agronomy 11, 823. doi: 10.3390/agronomy11050823

 Burke, W. J., Jayne, T. S., and Snapp, S. S. (2022). Nitrogen efficiency by soil quality and management regimes on Malawi farms: Can fertilizer use remain profitable? World Dev. 152, 105792. doi: 10.1016/j.worlddev.2021.105792

 Cao, T. N. D., Mukhtar, H., Le, L. T., Tran, D. P. H., Ngo, M. T. T., Nguyen, T. B., et al. (2023). Roles of microalgae-based biofertilizer in sustainability of green agriculture and food-water-energy security nexus. Sci. Total. Environ. 870, 161927. doi: 10.1016/j.scitotenv.2023.161927

 Chen, Y., Zhang, Z., Wang, X., Sun, S., Zhang, Y., Wang, S., et al. (2022). Sap velocity, transpiration and water use efficiency of drip-irrigated cotton in response to chemical topping and row spacing. Agr. Water Manage. 267, 107611. doi: 10.1016/j.agwat.2022.107611

 Cong, M., Hu, Y., Sun, X., Yan, H., Yu, G., Tang, G., et al. (2023). Long-term effects of biochar application on the growth and physiological characteristics of maize. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1172425

 Erdal, S. (2019). Melatonin promotes plant growth by maintaining integration and coordination between carbon and nitrogen metabolisms. Plant Cell Rep. 38, 1001–1012. doi: 10.1007/s00299-019-02423-z

 Fei, C. (2024). Effects of organic fertilizer replacing chemical fertilizer on nutrient absorption-utilization and yield of rain-fed maize in arid region. Acta Agric. Nucl. Sin. 38, 1355–1364.

 Fudjoe, S. K., Li, L., Jiang, Y., Alhassan, A. R. M., Xie, J., Anwar, S., et al. (2022). Impact of soil amendments on nitrous oxide emissions and the associated denitrifying communities in a semi-arid environment. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.905157

 Gu, S., Hu, Q., Cheng, Y., Bai, L., Liu, Z., Xiao, W., et al. (2019). Application of organic fertilizer improves microbial community diversity and alters microbial network structure in tea (Camellia sinensis) plantation soils. Soil Till. Res. 195, 104356. doi: 10.1016/j.still.2019.104356

 Guo, Y., Chai, Q., Yin, W., and Fan, H. (2022). Research progress of photosyn thetic physiological mechanism and approaches to application in dense planting maize. Acta Agron. Sin. 48, 1871–1883.

 He, H., Peng, M., Lu, W., Hou, Z., and Li, J. (2022a). Commercial organic fertilizer substitution increases wheat yield by improving soil quality. Sci. Total. Environ. 851, 158132. doi: 10.1016/j.scitotenv.2022.158132

 He, H., Peng, M., Ru, S., Hou, Z., and Li, J. (2022b). A suitable organic fertilizer substitution ratio could improve maize yield and soil fertility with low pollution risk. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.988663

 Hu, W., Zhang, Y., Xiang, R., Fei, J., Peng, J., and Luo, G. (2023). Coupling amendment of biochar and organic fertilizers increases maize yield and phosphorus uptake by regulating soil phosphatase activity and phosphorus-acquiring microbiota. Agr. Ecosyst. Environ. 355, 108582. doi: 10.1016/j.agee.2023.108582

 Hu, Y., Li, D., Wu, Y., Liu, S., Li, L., Chen, W., et al. (2023). Mitigating greenhouse gas emissions by replacing inorganic fertilizer with organic fertilizer in wheat–maize rotation systems in China. J. Environ. Manage. 344, 118494. doi: 10.1016/j.jenvman.2023.118494

 Hu, Y., Zhang, P., Zhang, X., Liu, Y., Feng, S., Guo, D., et al. (2021). Multi-wall carbon nanotubes promote the growth of maize (Zea mays) by regulating carbon and nitrogen metabolism in leaves. J. Agric. Food Chem. 69, 4981–4991. doi: 10.1021/acs.jafc.1c00733

 Huang, G., Liu, Y., Guo, Y., Peng, C., Tan, W., Zhang, M., et al. (2021). A novel plant growth regulator improves the grain yield of high-density maize crops by reducing stalk lodging and promoting a compact plant type. Field Crop Res. 260, 107982. doi: 10.1016/j.fcr.2020.107982

 Li, G., Li, W., Liang, Y., Lu, W., and Lu, D. (2023). Spraying exogenous hormones alleviate impact of weak-light on yield by improving leaf carbon and nitrogen metabolism in fresh waxy maize. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1220827

 Li, G., Liang, Y., Li, W., Guo, J., Lu, W., and Lu, D. (2024). Weak-light stress at different grain filling stages affects yield by reducing leaf carbon and nitrogen metabolism in fresh waxy maize. Eur. J. Agron. 158, 127216. doi: 10.1016/j.eja.2024.127216

 Liang, X., Wang, C., Wang, H., Yao, Z., Qiu, X., Wang, J., et al. (2023). Biogas slurry topdressing as replacement of chemical fertilizers reduces leaf senescence of maize by up-regulating tolerance mechanisms. J. Environ. Manage. 344, 118433. doi: 10.1016/j.jenvman.2023.118433

 Liu, Z., Hao, Z., Sha, Y., Huang, Y., Guo, W., Ke, L., et al. (2022). High responsiveness of maize grain yield to nitrogen supply is explained by high ear growth rate and efficient ear nitrogen allocation. Field Crop Res. 286, 108610. doi: 10.1016/j.fcr.2022.108610

 Liu, Q., Wang, X., Wu, Y., Lan, T., Liu, F., Wei, G., et al. (2024). Improved yield by optimizing carbon, nitrogen metabolism and hormone balance in apical kernels under low nitrogen conditions using the low nitrogen-tolerant maize variety. Field Crop Res. 310, 109358. doi: 10.1016/j.fcr.2024.109358

 Liu, L., Xu, W., Lu, X., Zhong, B., Guo, Y., Lu, X., et al. (2022). Exploring global changes in agricultural ammonia emissions and their contribution to nitrogen deposition since 1980. P. Natl. Acad. Sci. U.S.A. 119, e2121998119. doi: 10.1073/pnas.2121998119

 Lou, F., Zuo, Y. P., Li, M., Dai, X. M., Wang, J., Han, J. L., et al. (2024). Effects of organic fertilizer substituting chemical fertilizer nitrogen on yield, quality, and nitrogen efficiency of waxy maize. Acta Agron. Sin. 04), 1053–1064.

 Ma, J., Chen, Y., Wang, K., Huang, Y., and Wang, H. (2021). Re-utilization of Chinese medicinal herbal residues improved soil fertility and maintained maize yield under chemical fertilizer reduction. Chemosphere 283, 131262. doi: 10.1016/j.chemosphere.2021.131262

 Ma, L., Li, Z., Li, Y., Wei, J., Zhang, L., Zheng, F., et al. (2024). Variations in crop yield caused by different ratios of organic substitution are closely related to microbial ecological clusters in a fluvo-aquic soil. Field Crop Res. 306, 109239. doi: 10.1016/j.fcr.2023.109239

 Muhammad, I., Lv, J. Z., Yang, L., Ahmad, S., Farooq, S., Zeeshan, M., et al. (2022). Low irrigation water minimizes the nitrate nitrogen losses without compromising the soil fertility, enzymatic activities and maize growth. BMC Plant Biol. 22, 159. doi: 10.1186/s12870-022-03548-2

 National Bureau of Statistics. (2023). Available online at: https://data.stats.gov.cn/ (accessed May 10, 2024).

 Poveda, J. (2021). Insect frass in the development of sustainable agriculture. A review. Agron. Sustain. Dev. 41, 5. doi: 10.1007/s13593-020-00656-x

 Ren, H., Zhou, P., Zhou, B., Li, X., Wang, X., Ge, J., et al. (2023). Understanding the physiological mechanisms of canopy light interception and nitrogen distribution characteristics of different maize varieties at varying nitrogen application levels. Agronomy 13, 1146. doi: 10.3390/agronomy13041146

 Rossini, M. A., Curin, F., and Otegui, M. E. (2023). Ear reproductive development components associated with kernel set in maize: Breeding effects under contrasting environments. Field Crop Res. 304, 109150. doi: 10.1016/j.fcr.2023.109150

 Suárez, J. C., Anzola, J. A., Contreras, A. T., Salas, D. L., Vanegas, J. I., Urban, M. O., et al. (2022). Photosynthetic and grain yield responses to intercropping of two common bean lines with maize under two types of fertilizer applications in the Colombian amazon region. Sci. Hortic. 301, 111108. doi: 10.1016/j.scienta.2022.111108

 Wang, Y., Cao, Y., Feng, G., Li, X., Zhu, L., Liu, S., et al. (2020). Integrated soil–crop system management with organic fertilizer achieves sustainable high maize yield and nitrogen use efficiency in Northeast China based on an 11-year field study. Agronomy 10, 1078. doi: 10.3390/agronomy10081078

 Wang, J., He, P., Liu, Z., Jing, Y., and Bi, R. (2022b). Yield estimation of summer maize based on multi-source remote-sensing data. Agron. J. 114, 3389–3406. doi: 10.1002/agj2.21204

 Wang, J., Sha, Z., Zhang, J., Kang, J., Xu, W., Goulding, K., et al. (2022a). Reactive N emissions from cropland and their mitigation in the North China Plain. Environ. Res. 214, 114015. doi: 10.1016/j.envres.2022.114015

 Wang, N., Zhang, T., Cong, A., and Lian, J. (2023). Integrated application of fertilization and reduced irrigation improved maize (Zea mays L.) yield, crop water productivity and nitrogen use efficiency in a semi-arid region. Agr. Water Manage. 289, 108566. doi: 10.1016/j.agwat.2023.108566

 Wu, X. Y., Li, P., Wei, J. G., Fan, H., He, W., Fan, Z. L., et al. (2024). Effect of reduced irrigation and combined application of organic and chemical fertilizers on photosynthetic physiology, grain yield and quality of maize in northwestern irrigation areas. Acta Agron. Sin. 04), 1065–1079.

 Wu, G., Yang, S., Luan, C. S., Wu, Q., Lin, L. L., Li, X. X., et al. (2024). Partial organic substitution for synthetic fertilizer improves soil fertility and crop yields while mitigating N2O emissions in wheat-maize rotation system. Eur. J. Agron. 154, 127077. doi: 10.1016/j.eja.2023.127077

 Yan, B., Zhang, Y., Wang, Y., Rong, X., Peng, J., Fei, J., et al. (2023). Biochar amendments combined with organic fertilizer improve maize productivity and mitigate nutrient loss by regulating the C-N-P stoichiometry of soil, microbiome, and enzymes. Chemosphere 324, 138293. doi: 10.1016/j.chemosphere.2023.138293

 Yue, K., Li, L., Xie, J., Liu, Y., Xie, J., Anwar, S., et al. (2022). Nitrogen supply affects yield and grain filling of maize by regulating starch metabolizing enzyme activities and endogenous hormone contents. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.798119

 Zhai, L., Wang, Z., Zhai, Y., Zhang, L., Zheng, M., Yao, H., et al. (2022). Partial substitution of chemical fertilizer by organic fertilizer benefits grain yield, water use efficiency, and economic return of summer maize. Soil Till. Res. 217, 105287. doi: 10.1016/j.still.2021.105287

 Zhai, L., Zhang, L., Cui, Y., Zhai, L., Zheng, M., Yao, Y., et al. (2024). Combined application of organic fertilizer and chemical fertilizer alleviates the kernel position effect in summer maize by promoting post-silking nitrogen uptake and dry matter accumulation. J. Integr. Agr. 23, 1179–1194. doi: 10.1016/j.jia.2023.05.003

 Zhang, Y., Yan, J., Rong, X., Han, Y., Yang, Z., Hou, K., et al. (2021). Responses of maize yield, nitrogen and phosphorus runoff losses and soil properties to biochar and organic fertilizer application in a light-loamy fluvo-aquic soil. Agr. Ecosyst. Environ. 314, 107433. doi: 10.1016/j.agee.2021.107433

 Zia, U. U., Niazi, A. R., Ahmad, Z., Alharby, H. F., Waraich, E. A., Abbasi, A., et al. (2023). Dose optimization of silicon for boosting arbuscular mycorrhizal fungi colonization and cadmium stress mitigation in maize (Zea mays L.). Environ. Sci. Pollut. Res. 30, 67071–67086. doi: 10.1007/s11356-023-26902-9




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Wang, Zhou and Fei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/im2.jpg
Agio





OEBPS/Images/M2.jpg
Chly, = 24.96 X Agyg = 7.32 X Aggs [+





OEBPS/Images/M6.jpg
©





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Substituting partial chemical nitrogen fertilizers with organic fertilizers maintains grain yield and increases nitrogen use efficiency in maize

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental site

          



          		

            2.2 Experimental design

          



          		

            2.3 Gas exchange and photosynthetic enzyme activity

          



          		

            2.4 Chlorophyll content and dry matter accumulation

          



          		

            2.5 Total soluble sugars, starch content, free amino acids, and soluble protein content

          



          		

            2.6 Key enzyme activities of sugar and N metabolism processes in ear leaves

          



          		

            2.7 GY and N recovery efficiency

          



          		

            2.8 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 LAI, Pn, and Rubisco activity

          



          		

            3.2 Chlorophyll content and DMA

          



          		

            3.3 Soluble sugars, SC, FAA, and protein content

          



          		

            3.4 Enzyme activity of sugar metabolism in ear leaves

          



          		

            3.5 Enzyme activity of N metabolism in ear leaves

          



          		

            3.6 PNU, NU distribution, and NRE

          



          		

            3.7 Yield and yield components, NAE

          



          		

            3.8 Correlation analysis and SEM

          



        



        



        		

          4 Discussion

        

          		

            4.1 Suitable SP substitution ratio promoted plant growth and increased DMA by improving assimilate productivity in the canopy

          



          		

            4.2 Suitable SP substitution ratio increased GY by promoting C/NM in ear leaves

          



          		

            4.3 Suitable SP substitution ratio improved NRE by regulating N supply

          



        



        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/im7.jpg





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1442123-g002.jpg
SP3 2 SP4

| SP1 B SP2

CKk 0 SPO

R3

R1

R3

R1

V12

V6

=~ O wnh < on A S ame. S -
< L. A —
(-5 ;W QD [owm)

XOpUl BAIE JBO]
! a1el onayuAsojoyd 19N (M4 -3 N) AAnoe odsiqny





OEBPS/Images/fpls.2024.1442123_cover.jpg
& frontiers | Frontiers in Plant Science

Substituting partial chemical nitrogen
fertilizers with organic fertilizers maintains
grain yield and increases nitrogen use
efficiency in maize





OEBPS/Images/fpls-15-1442123-g006.jpg
= 2021 FAA
o7 202 (b)
6.8
5.1
3.4
120

p—
o O
AN o0

son's r=0.55
2021=0.87
2022=0.65

arson's r=0.73
2021=0.76
2022=0.69

i TSS (mg g FW)
A .
O [\ W o0

~

o

| —
SP (ng g FW)  FAA (umol g FW)

arSon's r=0.85

SPS (U g FW)

—_
o0

[E—
()]

—_
\9]

O

2021=0.87

.on's r=0.76
®2021=0.83
2022=0.92

39 52 65 7.8
TSS (mg g FW)

r=0.76
2021=0.92
2022=0.8

Jus]
s =0.67
2021=0.94
2022=0.77

‘%a on's r=0.84

2021=0.79
2022=0.77

SC (mg g'! FW)

earson's r=0.89

2021=0.86
2022=0.91

arson's r=0.85
® 2021=0.79

2022=0:89

1.88 2.82 3.76 4.70 135 180 225 270
INV (U g'! FW)

on's r=0.79
2021=0.84
2022=0.8

780 1040 1300 1560 9
SS (U g' FW)

12 15 18
SPS (U g”! FW)

3.4 5.1
FAA (umol g'! FW)

n's r=0.81
2021=0.81
2022=0.77

n's r=0.83
2021=0.89
2022=0.89

rson's r=0.87

2021=0.88
2022=0.81

6.8 85 72

-
®—0.67

ni Bmo01=0.75

84 96

SP (ug g

'sr=0.62
. 2021=0.8

2021=0.%1
R

earson's r=0.9

2021=0.89
2022=0.83

®Pearson's 1=0.91

2021-0.89
2022=0.86

arson's r=0.88

2021=0.88
2022=0.86

108 12012.4 15.5 18.6 21.7 4.9 9.8 14.7 19.6

'FW)

NR (U g' FW)

GS (U g! FW)

520 780 1040 1300
GOGAT (U g'FW)





OEBPS/Images/table3.jpg
Kernel Thousand

Treatments Ear num_l?zer number kernel weight Grain yi_elld
(Per m™) (Pericary) (g) (Mg ha™)
2021 | CK 54 +0.3b 405.6 + 28.1b 21902 + 34.3¢ 332.7 +2.8b 8.1+02¢c -
SPO 57 +0.1ab 557.6 + 10.6a 3178.3 + 238.8b 3717 £38.2a 12.4 £ 0.2b 205+ 12¢
SP1 58 +0.1ab 565.4 + 28.1a 3279.3 + 281ab 3736+ 19.2a 12.7 £ 0.1ab 21.9 + 0.6b
sp2 6.0 £0.52 5942 % 47.8a 3565.2 + 153.50 3772 £27.6a 134 + 0.4 252+2la
sp3 57 +0.2ab 5707 + 8.1a 3253.1 + 118.4ab 3755 £ 42.3a 12.1 £ 1.5ab 22.9 + 6.9b
SP4 55 +0.2ab 5723 £ 27.9a 3147.7 + 1283b 3741 £ 6.1a 115 + 0.4b 224+ 1.9
2022 | CK 55+0.2a 4173 + 24.2¢ 2295.2 + 105.1c 3415 + 28.6¢ 8.6+ 0.2¢c -
SPO 57+07a 567.8 + 24.52b 3236.5 + 268.7b 3726 + 31.9b 12.6 + 0.5ab 19.0 £ 1.2bc
SP1 57 +0.7a 5764 + 24a 3285.5 + 267.5b 3812 + 9.1ab 132 £ 0.3ab 21.9 + 1.3ab
Sp2 58 +0.2a 602.8 £ 41.7a 3496.2 + 163.9a 3845 £41.2a 13.9 £ 0.7a 252+32a
sp3 57 +0.2a 5823 £ 17.2a 3319.1 + 130ab 3803 + 14.6ab 13.4 £ 0.6ab 229+12a
SP4 57 +0.1a 580.1 + 14.8 3206.6 + 276.2b 3785 + 39.6b 122+ 0.8b 17.1 £ 0.8¢

Source of variance

¥ 0.5ns 1.3ns 0.4ns 0.4ns 2.3ns 1.8ns
SP 1.01ns 38.4%* 33.57% 30> 80.6* 4.3*
Y x SP 0.2ns 0.02ns 0.2ns 0.05ns Llns L1Ins

CK refers to no chemical and organic nitrogen fertilizer, SPO refers to 100% chemical nitrogen fertilizer (210 kg N-ha™), and SP1, SP2, SP3, and SP4 refers to 15%, 30%, 45%, and 60% of chemical
nitrogen fertilizer substituted with organic fertilizer, respectively. Y refers to year, and SP refers to substituting partial chemical nitrogen fertilizers with organic fertilizers. Different letters indicate
significant differences in the same year by Duncan’s multiple range test. ¥, p<0.05; **, p<0.01; ns, not significant.
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Source of variance

Indicators
Y SP
LAI V6 221.9%% 93.7%% 11.4%*
Vi2 10.2%* 25:5** 1.02ns
R1 5% 14.0%* 2.1ns
R3 43.5%* 41.2%* V 2.0ns
Pn V6 0.01ns 26.2%* 1.1ns
Vi2 6:3% 9.4 0.2ns
R1 23.9%* 15.6* 1.4ns
R3 33.6** 16.4%* 1.4ns
Rubisco activity Vo6 214.0%* 46.7* 87
Vi2 56.9** 27.9%* 3.3*
R1 331 10.7%* 0.6ns
R3 148.4** 84.0** 3i5%
Tce Vo6 4.3* 26.4** 1.0ns
Vi2 45.7** 45.2%* 1.9ns
R1 1.3ns 17.9%% 1.4ns
R3 11.8** 45.0%* 4.6*
Car Vo6 4.6* 43, 1% 0.3ns
Vi2 0.1ns 22.4%* 2.4ns
R1 7.0* 40.1%* 0.9ns
R3 5.0* 22.1% 0.5ns
DMA Vo6 107.0* ' 69.6** 1.7ns
Vi2 4.1* 48.7%* 5.6*
R1 35.5%* 7 77.6%* 3.9%
R3 2.0ns 21.3%* 0.9ns
Haverst 3.5*% 18.5** 0.4ns
TSS - 15.7%% 13367 12i5%%
sC — 1712.7%* 135.7%* 1.7ns
FAA - 168.0** 145.2%* 6.9%
SP - 14.7%* 7 42.1%* 1.3ns
INV - 177.7%% 201.0%* 2.5ns
SS - 58.9%* 150.6** 0.9ns
SPS - 323.8** 101.6** 2.1ns
NR - 306.9** 84.4%* 1.8ns
GS - ‘ 2300.7** 276.2%* 2.6ns
GOGAT - ‘ 433.1* 194.1%* 1.2ns

V6 refers to jointing stage, V12 refers to bell-mouth stage, R1 refers to silking, and R3 refers to
milk maturity stages. Y refers to year, and SP refers to substituting partial chemical nitrogen
fertilizers with organic fertilizers. Different letters indicate significant differences in the same
year by Duncan’s multiple range test. *, p<0.05; **, p<0.01; ns, not significant.
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Calcium

Organic Potassium

Urea A super Total N Total K,O

Treatments T1 fertilizer P sulfate 1 =

kg ha phosphate = kg ha kg ha
ey kg ha
kg ha

CK 0 0 750 300 0 120 150
SPO 457 0 750 300 210 120 150
SP1 388 1050 684 279 210 120 150
sp2 320 2100 619 258 210 120 150
SP3 251 3150 553 237 210 120 150
SP4 183 4200 488 216 210 120 150

CK refers to no chemical and organic nitrogen fertilizer. SPO refers to 100% chemical nitrogen fertilizer (210 kg N-ha™), and SP1, SP2, SP3, and SP4 refer to 15%, 30%, 45%, and 60% of chemical
nitrogen fertilizer substituted with organic fertilizer, respectively.





