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Introduction

Surplus use of chemical nitrogen (N) fertilizers to increase agricultural Q9 production causes severe problems to the agricultural ecosystem and environment. This is contrary to N use efficiency and sustainable agricultural production.



Methods

Hence, this study was designed to investigate the effect of maizesoybean intercropping on N uptake, N yield, N utilization use efficiency, and the associated nitrogen assimilatory enzymes of maize crops under different N fertilization for two consecutive years 2021-2022.



Results

The findings of the study showed that intercropping at the optimal N rate (N1) (250 kg N ha-1) increased significantly maize grain yield by 30 and 34%, residue yield by 30 and 37%, and 100-grain weight by 33 and 39% in the year 2021 and 2022, respectively. As compared with mono-cropping, at this optimal N rate, the respective increase (of maize’s crop N yield indices) for 2021 and 2022 were 53 and 64% for grain N yield, and 53 and 68% for residue N yield. Moreover, intercropping at N1 resulted in higher grain N content by 28 and 31%, residue N content by 18 and 22%, and total N uptake by 65 and 75% in 2021 and 2022, respectively. The values for the land equivalent ratio for nitrogen yield (LERN) were greater than 1 in intercropping, indicating better utilization of N under the intercropping over mono-cropping. Similarly, intercropping increased the N assimilatory enzymes of maize crops such as nitrate reductase (NR) activity by 19 and 25%, nitrite reductase (NiR) activity by 20 and 23%, and glutamate synthase activity (GOGAT) by 23 and 27% in 2021 and 2022, respectively. Consequently, such increases resulted in improved nitrogen use efficiency indices such as N use efficiency (NUE), partial factor nitrogen use efficiency (PFNUE), nitrogen uptake efficiency (NUpE), and nitrogen agronomic efficiency (NAE) under intercropping than mono-cropping. 



Conclusion

Thus, this suggests that maize-soybean intercropping under optimal N fertilization can improve the nitrogen status and nitrogen use efficiency of maize crops by regulating the nitrogen assimilatory enzymes, thereby enhancing its growth and yield. Therefore, prioritizing intercropping over an intensive mono-cropping system could be a better option for sustainable agricultural production. 
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1 Introduction

In China, there is increased use of chemical nitrogen (N) fertilizers for agricultural production, which results in wasted resources and environmental pollution (Malunga et al., 2018; Wang et al., 2018; Ahmad et al., 2022). For example, N leaching to subsoil increases soil acidification and groundwater pollution whereas its emission into the atmosphere directly stimulates air pollution (Galanopoulou et al., 2019). Such processes pose serious threats to the agricultural ecosystem and environment, contrary to efficient N use efficiency (NUE) (Galanopoulou et al., 2019; Nasar et al., 2020a; Nasar et al., 2020b). Also, intensive farming and long-term sole cropping system have severely harmed the agricultural ecology and reduced biodiversity (Nasar et al., 2020a). Thus, it is imperative to establish a sustainable agricultural production system that requires zero to little inputs. Hence, opting for intercropping over an intensive mono-cropping system could be a better option in such a scenario.

Intercropping is the simultaneous cultivation of two or more different crop species on the same field (Gitari et al., 2020; Maitra et al., 2020). It is an ancient agronomic practice and is still widespread globally. As opposed to mono-cropping, intercropping shows better growth and yield advantages due to the efficient utilization of the available natural resources (i.e., water, light, land, and nutrients) (Fung et al., 2019; Gao and Meng, 2020; Nasar et al., 2020b; Raza et al., 2021). Intercropping also helps in minimizing negative environmental impacts that threaten the agroecosystems (i.e., climate change, soil acidification, terrestrial eco-toxicity, or cumulative energy demand) (Yang et al., 2017; Nyawade et al., 2020b; Faridvand et al., 2021). In a cereal–legume intercropping, the companion crops efficiently utilize the atmospheric and soil available N. The major source of N under the such intercropping system is its fixation by the legumes, which helps save the soil N pool, increases the amount of soil N, enhances the N uptake in cereals and eventually crop yield (Xiang et al., 2018; Sousa et al., 2022). These improvements can occur through facilitative root interactions, nutrient sharing, and rhizosphere modification (e.g., enzymatic activities, root exudation, and soil pH) in an intercropping system (Li et al., 2019; Liu et al., 2019; Nasar et al., 2021). Such underlying mechanism under the intercropping systems contributes efficiently to soil nutrient cycling and plant nutrition (Nyawade et al., 2019; Nasar et al., 2020a). Additionally, the improved nitrogen assimilatory enzymes (i.e., NR, NiR and GOGAT activity) in the intercropping system equally contributes to the plant N content and its uptake (Nasar et al., 2022a). Previously, many studies have shown that cereal-legume cropping systems can significantly increase the plant N status due to the underlying rhizosphere modification (Sun et al., 2018; Nasar et al., 2020b; Raza et al., 2021), facilitative nutrient sharing through interspecific root interaction between intercrops (Shao et al., 2020) and improved N assimilatory enzymes (i.e., NR, NiR and GOGAT) (Nasar et al., 2022b).

Maize (Zea mays L) is grown globally due to its high-yielding food and forage crop production and is also known as the “Queen of Cereals” (Sun et al., 2014). In China, maize production increased by 1633% between 1949 and 2013, with average maize yields from 1 to 6 t ha-1 (Muhammad et al., 2022). More than 36 million hectares of maize were planted in the country in 2013, producing more than any other crop, especially on the North China Plain (Zhong et al., 2017). On the other hand, soybean (Glycine max L) is an annual grain legume known for its high protein content, vitamins, and minerals (Raza et al., 2020; Mirriam et al., 2022). It is a restorative plant that improves the quality and health of the soil by enriching it with nutrients (Zaeem et al., 2019). Thus, intercropping maize with soybean not only secures the regional food demand and nutritional quality of the forage industry but also improves the nutrient status of the maize crop besides providing an environmentally friendly and promising agricultural system for the future development. It is worth noting that, maize-soybean intercropping has been widely practiced to improve crop and forage yield, utilization of the natural resources, nutrient improvement of the cereal crop and soil health (Du et al., 2020; Raza et al., 2020; Nasar et al., 2022b). Nonetheless, relatively less data is available on the N yield, N use and utilization efficiency via regulation of N assimilatory enzymes in the maize-soybean intercropping. Therefore, this study was initiated to investigate the effect of maize-soybean intercropping on the N uptake, N yield, and N use efficiency, and the associated N assimilatory enzymes of maize with different N fertilization. The main objective of the study was to investigate whether maize-soybean intercropping under different N treatments improve the N yield, uptake and its use efficiency by regulating the N assimilatory enzymes of maize crop.



2 Material and methods


2.1 Site description, experimental design and layout

A two-year pot experiment was conducted at the experimental farm of Guangxi University, Nanning, China, in the year 2021-2022. This area is characterized by a subtropical monsoon climate with an annual rainfall of 1080 mm. The experimental site had soil with a loamy texture having an organic matter of 23.7 g kg-1, total N of 0.118%, alkaline N of 109.9 mg kg-1, available P of 73.6 mg kg-1, available K of 79.0 mg kg-1, soil pH of 7.4 and available iron of 97.7 mg kg-1.

Maize (Qing Qing 700 variety) was planted as a mono-crop (MM) and an intercrop (MI) with soybean (Gui Chun 15 variety) in large-sized pots (i.e., 88 cm height, 53 cm width, and 43 cm length) filled with 120 kg of soil. The pots, in four replicates, were randomly placed in a ventilated net house under natural light. Initially, five maize seeds and ten soybean seeds were planted in mono-cropping and intercropping at a plant density of 60,000 maize plants ha-1 and soybean seed rate of 20 kg seeds ha-1, respectively. However, later at the V3 growth stage, the maize and soybean plants were reduced to 3 and 5 (3:5) plants per pot, respectively, by uprooting the extra plants to better adapt to the pot environment (Figure 1). For the intercropping, maize and soybean plants were planted in the same pot such that the plant-to-plant and pot-to-pot distances were 5 and 10 cm, respectively. Additionally, the bottom of each pot was covered with small marble pebbles to minimize nutrient leaching. Planting and harvesting were done in mid-September 2021 and mid-February 2022, respectively for the first crop growing cycle, whereas the respective timings for the second cycle were mid-May 2022, and mid-October 2022.




Figure 1 | Schematic diagram of the experiment. N0; 0 kg N ha-1, N1; 250 N kg ha-1, N2; 300 kg N ha-1. * maize crop; + soybean crop.



Nitrogen fertilizer was applied as soil dressing before sowing at the rate of 0 kg N ha-1 (N0) for control, 250 kg N ha-1 (N1) for optimal and 300 kg N ha-1 (N2) for conventional practice. In addition, basal doses of phosphorus and potassium fertilizers were applied uniformly to all experimental pots (i.e., P at 100 kg ha-1 and K at 100 kg ha-1). The sources of fertilizers used were urea (46% N), diammonium phosphate (P2O5 46% P), and potassium chloride (K2O 60% K). All the plants were watered normally, with weeds and insect pests being controlled with herbicides and pesticides, respectively, when needed. The environmental factors such as temperature (°C) and rainfall (mm) were carefully monitored and recorded (Figures 2A, B).




Figure 2 | Weather forecast (temperature and rainfall) report of the experimental site during the experiment period (A); year 2021 and (B); year 2022.





2.2 Data collection


2.2.1 Grain and residue yield

The grain and residue yield of maize crops were obtained at full maturity when harvesting was done (Raza et al., 2020). The corn from maize crops was removed from the plant and threshed to determine 100-grain weight and grain yield by weighing them on an electric scale. After threshing, the remaining plant straw materials were sun-dried and oven-dried at 65°C for 72 h to obtain residue dry yield.



2.2.2 Grain and residue N content and  total N uptake

For the determination of grain and residue N content, the air and oven-dried plant samples were minced and passed through a 1 mm sieve. Nitrogen concentrations were determined as an average of duplicate samples of about 50 mg each by the Dumas combustion method (Neugschwandtner and Kaul, 2015) using an elemental analyzer (Vario MACRO cube CNS; Elementar Analysen-Systeme GmbH, Germany). The total N uptake was calculated as indicated in Equation 1 (Nasar and Shah, 2017).

 

Where GNC and RNC denote grain N content and residual N content, respectively.



2.2.3 Nitrogen yield and nitrogen harvest index

The grain and residue N yield of maize crops were calculated as indicated in Equations 2 and 3 whereas, the N harvest index was computed according to Equation 4.

 

 

 



2.2.4 Nitrogen use efficiency indices

The nitrogen use efficiency (NUE), partial factor nitrogen use efficiency (PFNUE), nitrogen uptake efficiency (NUpE) and nitrogen agronomic efficiency (NAE) were calculated as indicated in Equations 5, 6, 7 and 8 (Sinebo et al., 2004; Anbessa and Juskiw, 2012).

 

 

 

 

Where the YLD is the grain yield and NYr is the residue nitrogen yield of maize crops; NMIN represents soil mineral N at sowing and Nf the fertilizer level; the subscript f stands for fertilizer N.



2.2.5 Nitrogen assimilatory enzymes

The nitrogen assimilatory enzyme activity, such as nitrate reductase (NR), nitrite reductase (NiR), and glutamate synthase (GOGAT) activity in maize leaf samples were determined according to the following protocol.


2.2.5.1 NR activity

To determine NR activity in maize leaves, the frozen plant leaf samples were crushed in 4 mL of 25 mM sodium phosphate (buffered at pH 8.7) containing 1.3 mM EDTA and 10 mM cysteine before being centrifuged at 4000 rpm for 15 minutes at 4°C. In this case, the reaction mixture was made up of 0.1 M KNO3, and 2.82 mM NADH. Following addition of NADH was a 30-minute incubation period. After 15 minutes, the reaction was stopped followed by addition of 1% sulfanilamide and 0.02% N-phenyl-2-naphthylamine. The absorbance was the calculated at 540 nm following centrifugation at 4000 rpm for 5 min (Imran et al., 2019).



2.2.5.2 NiR activity

NiR activity (NiR, EC 1.7.2.1) in the fresh maize leaves was determined according to the proposed method of Rao et al. (1981). Briefly, a cold 0.1 M potassium phosphate (buffered at a pH of 7.5) was used to homogenize the frozen leaf tissues. The reaction mixture included enzyme extract, 10 mM KNO2, 1.5% methylviologen, and 5% sodium dithionite (Na2S2O4) dissolved in 100 mM NaHCO3, which was added to start the reaction. The 30-minute incubation period of the reaction mixture at room temperature was followed by methylviologen’s decolorization. Nitrite concentrations were determined by measuring the absorbance at 540 nm in a solution made up of supernatant, distilled water, 1% (w/v) N (1-naphty1)-ethylenediamine dihydrochloride, and 10% (w/v) sulfanilamide produced in HCl.



2.2.5.3 GOGAT activity

The NADH-glutamate synthase (NADH-GOGAT; EC 1.4.1.14) activity in maize leaves was measured according to Lin and Kao (1996). In this case, frozen leaves were homogenized in a mortar and pestle with an extraction buffer that was pre-cooled and containing 100 mM Tris-HCl (pH 7.6), 1.0 mM MgCl2-6H2O, 10 mM 2-mercaptoethanol, and 1.0 mM ethylenediaminetetraacetic acid (EDTA). The homogenates were centrifuged for 15 minutes at 4°C at 13,000 rpm. To evaluate the GOGAT enzymes in leaf tissues, the supernatants were used as crude extracts. 25 mM Tris-base, 100 mM -Ketoglutaric acid, 10 mM KCl, 20 mM L-glutamine, and 3 mM NADH were used to treat the crude enzyme extract. Thereafter, NADH oxidation caused the absorbance which was measured at 340 nm.




2.2.6 Land equivalent ratio for nitrogen yield (LERN)

The land equivalent ratio for nitrogen yield (LERN) as an indicator used to determine the N yield advantage of intercrops (Mead and Willey, 1980) was calculated as shown in Equation 9:

 

Where NYMI and NYMM are the crop N yields for maize under intercropping and mono-cropping, respectively. A LERN > 1, indicates a higher N yield whereas when its<1 then it represents a lower N yield.




2.3 Statistical analysis

The collected data were entered and tabulated in Ms excel 2016. For statistical analysis, two factors factorial analysis was done using the SPSS and Ms statistix 6.1 statistical analysis software, respectively. Means among the treatments were compared by Least Significant Difference (LSD) Test at p ≤ 0.05 level of probability (Mirzapour et al., 2022) by keeping the nitrogen fertilization as the main effect and planting pattern sub-effect. Graphs were constructed using the graphical software Graph Pad prism 6.1.




3 Results


3.1 Grain and residue yield

Intercropping and N fertilization significantly (p< 0.05) affected the grain yield, residue yield and 100-grain weight of maize (Table 1). However, these indices were more evident in intercropping under N1 treatment than in N0 and N2 treatments. For instance, in 2021, intercropping increased the grain yield of maize crops by 16, 30 and 20% in N0, N1 and N2, respectively compared with mono-cropping, whereas in 2022, the respective increases of 18, 34 and 19% in 2022 were noted. Moreover, intercropping increased the residue yield of maize crops by 15, 30, and 24% in 2021 and by 19, 37 and 23% compared with mono-cropping. Similarly, intercropping increased the 100-grain weight of maize crops by 3% under N1 treatment than by 23 and 26% and by 26 and 39 and 29% under N0 and N2 treatments in 2021 and 2022, respectively when compared with mono-cropping.


Table 1 | Grain yield, residue yield and 100-grain weight of maize crop as influenced by different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons.





3.2 N yield indices and N harvest index

The collected data showed that intercropping under different N fertilization significantly (p< 0.05) increased the N yield indices of the maize crop as compared with mono-cropping (Table 2). However, these indices were more pronounced under N1 than in N0 and N2 treatments. In 2021, intercropping increased the grain N yield of maize by 53% under N1 treatment than by 27 and 39% under N0 and N2 treatments, respectively when compared with mono-cropping. There was a further increase in the grain N yield of maize crop under intercropping of 64% in N1 vis a vis 32 and 40% under N0 and N2, respectively in 2022 as compared with mono-cropping. Similarly, when compared with mono-cropping, intercropping significantly (p< 0.05) increased the residue N yield of maize crops by 53% under N1 treatment than by 25 and 43% under N0 and N2 treatments, respectively in 2021, and further increased by 68% under N1 treatment than by 33 and 44% under N0 and N2 treatments, respectively in 2022. However, the N harvest index of maize crops did not show any significant differences in the intercropping under N fertilization treatments. In addition, the LERN was always greater than 1 in all N treatments, indicating a yield advantage of intercropping with N treatments.


Table 2 | Grain N yield, residue N yield, N harvest index and LERN of maize crop as influenced by different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons.





3.3 N concentration and total N uptake

When compared with mono-cropping, intercropping significantly (p< 0.05) enhanced the N concentration and total N uptake of maize crops under different N fertilization treatments (Figure 3). In 2021, intercropping significantly (p< 0.05) increased the N concentration of maize grain and residues by 28 and 18% under N1 treatment than by 18 and 9% in N0, and by 21 and 16% in N2 respectively as compared with mono-cropping (Figures 3A, B). In 2022, intercropping further increased the N concentrations of maize grain and residue by 31 and 22% under N1 than by 20 and 12% in N0, and by 19 and 18% in N2, respectively as compared with mono-cropping (Figures 3D, E). Moreover, intercropping increased the total N uptake of maize crop by 65% under N1 vis a vis 37 and 45% in N0 and N2, respectively in 2021. Nonetheless, higher increases were noted in 2022. For instance, there was 75% increase in N uptake in the intercropping under N1 than by 41 and 32% in N0 and N2, respectively when compared with mono-cropping (Figures 3C, F).




Figure 3 | Maize grain N content (A, D), residue N content (B, E); total N uptake (C, F) under different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.4 Nitrogen use and utilization

Intercropping and N fertilization significantly affected the nitrogen use efficiency indices such as NUE, PFNUE, NUpE and NAE of maize crops when compared with mono-cropping (Figures 4, 5). However, these indices were more promising in intercropping under N1 treatment than in N0 and N2 treatments. In 2021, intercropping significantly (p< 0.05) increased the NUE by 14% under N1 treatment than by 7 and 9% under N0 and N2, respectively when compared with mono-cropping (Figures 4A, C). In 2022, there was an increase of 16% for this index under intercropping for N1 vis a vis 8 and 9% for N0 and N2, respectively. Moreover, intercropping increased the PFNUE of maize crops by 30 and 34% under N1 treatments than by 20% and 19% under N2 treatments in 2021 and 2022, respectively as compared with mono-cropping (Figures 4B, D). Similarly, intercropping increased the NUpE of maize crop by 35% under N1 treatment than by 16 and 23% under N0 and N2 treatments respectively in 2021, and further increased by 40% under N1 treatment than by 19 and 22% under N0 and N2 treatments, respectively in 2022 as compared with mono-cropping (Figures 5A, C). Furthermore, intercropping increased the NAE by 38% under N1 treatment than by 17 and 28% under N0 and N2 treatments in 2021, and further increased by 47% under N1 treatment than by 21 and 29% under N0 and N2 treatments respectively in 2022 as compared with mono-cropping (Figures 5B, D).




Figure 4 | Maize nitrogen use efficiency (NUE) (A, C), partial factor nitrogen use efficiency (PFNUE) (B, D) under different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).






Figure 5 | Maize nitrogen uptake efficiency (NUpE) (A, C), nitrogen agronomic efficiency (NAE) (B, D) under different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.5 Nitrogen assimilatory enzymes

Intercropping and nitrogen fertilization significantly (p< 0.05) affected the nitrogen assimilatory enzymes of maize as compared with mono-cropping. For instance, compared with mono-cropping, intercropping increased the NR, NiR and GOGAT activity of maize crop under different N treatments (Figure 6). However, these activities were more enhanced under N1 treatment than in N0 and N2 treatments. In 2021, the NR activity of maize crops increased by 19% under N1 than by 10 and 16% under N0 and N2, respectively, but this activity was further increased by 25% in intercropping system under N1 treatment than by 12 and 14% under N0 and N2, respectively in 2022 as compared with mono-cropping (Figures 6A, D). Similarly, intercropping increased the NiR activity of maize crops by 20% under N1 treatment than by12 and 15% under N0 and N2, respectively in 2021, but it was further increased by 23% in the intercropping system under N1 treatment than by 14 and 13% under N0 and N2, respectively in 2022 as compared with mono-cropping (Figures 6B, E). Moreover, intercropping increased the GOGAT activity of maize crop by 23% under N1 treatment than by 13 and 17% under N0 and N2 treatments respectively in 2021, and further increased by 27% under N1 treatment than by 15 and 13% under N0 and N2 treatments respectively in 2022 when compared with mono-cropping (Figures 6C, F).




Figure 6 | Maize nitrogen assimilatory enzymes: nitrate reductase (NR) (A, D), nitrite reductase (NiR) (B, E) and glutamate synthase (GOGAT) (C, F) activity under different planting patterns (MM, maize mono-cropping and MI, maize intercropping) and N fertilizer application rates (N0; 0 kg N ha-1, N1; 250 kg N ha-1 and N2; 300 kg N ha-1) in 2021 and 2022 crop growing seasons. The column bars with dissimilar lowercase letters are significantly different from each other as per the LSD test (p< 0.05).





3.6 Liner regression

The linear regression analysis was used to determine the relationship of the total N uptake and NUE with the N assimilatory enzymes (i.e., NR, NiR and GOGAT activity) of maize crop. The result showed that the total N uptake had significant strong correlations with NR, NiR and GOGAT activity (Figures 7A–F). Equally, NUE had significant positive and strong correlations with NR, NiR and GOGAT activity (Figures 8A–F). Thus, such relationships suggested that changes in the N assimilatory enzymes could significantly bring changes in the total N uptake and NUE of the maize crop under intercropping.




Figure 7 | Regression analysis of the total N uptake with nitrogen assimilatory enzymes (i.e., NR (A, D), NiR (B, E), and GOGAT activity (C, F)) of maize crop in 2021 and 2022.






Figure 8 | Regression analysis of nitrogen use efficiency (NUE) for maize crop with nitrogen assimilatory enzymes (i.e., NR (A, D), NiR (B, E), and GOGAT activity (C, F)) in 2021 and 2022.






4 Discussion

Generally, the improved productivity of intercropping is due to the efficient utilization of the available resources (e.g., water, nutrients, land and light) (Neugschwandtner and Kaul, 2015; Rawashdeh, 2016; Gitari et al., 2018a; Gitari et al., 2018b; Gou et al., 2018; Raza et al., 2019). The present study demonstrated that maize-soybean intercropping significantly increased the yield indices, residue yield and 100-grain weight of maize crop. However, these indices were more evident under N1 treatment than N0 and N2. Possibly, this could due to the better utilization of the available natural resources such as land, light, water, and nutrients (Nasar et al., 2020b; Raza et al., 2020; Raza et al., 2022), or could be due to the N fertilization, which is an important element required for plant growth and development (Zhang et al., 2014; Nduwimana et al., 2020). Moreover, legume in intercropping with cereal are also known to improve the N status of cereal crop by facilitative transfer of N to their corresponding cereal crop through the underlying facilitative root interactions, which ultimately leads to an increase yield production of intercropping cereals than mono-cropping (Shao et al., 2020). As previously documented that the efficient use of the available resources (i.e., water, land, light and nutrients) by intercrops have produced more yield than in their mono-cropping system (Latati et al., 2017; Raza et al., 2019; Kisaka et al., 2023). Maize/mungbean intercropping have also shown to increase the grain yield and biomass dry matter of maize crop by 15-29% and 21-34%, respectively than in mono-cropping, which was attributed to better utilization of the available resources and the underlying nutrient sharing of mungbean to its corresponding maize crop during intercropping (Qian et al., 2018). Moreover, maize in intercropping with mungbean or mash bean significantly enhance the yield and biomass dry matter of maize crops particularly under optimal N fertilization, mainly because of the N fixation ability of legumes, which helps improve the N content of maize crop. This helps in reducing the high use of chemical N fertilizers (Saleem et al., 2011), which supports our findings. Intercrops are also known for their better use of the applied fertilizers, which helps in production of more crop yield under intercropping than in mono-cropping systems that are established under the same piece of land with same or different fertilization managements (Shao et al., 2020). For instance, the higher LERN value (1.33) in oat-pea intercropping than in mono-cropping under optimal N fertilization was mainly because of the better utilization of the applied N fertilizer (Neugschwandtner and Kaul, 2015; Sun et al., 2018). Similarly, in our study we found a higher LERN values in intercropping than in mono-cropping, indicating better utilization of the N in the intercropping system than in mono-cropping. Previously different intercropping studies have shown higher LERN value under optimal N fertilization (Neugschwandtner and Kaul, 2015; Sun et al., 2018), which confirmed our results.

Legumes are well known for their ability to fulfill nitrogen requirement through atmospheric N fixation. Thus, legumes in intercropping with cereals can help improve the N content and its uptake by cereals due to the underlying facilitative N transfer through interspecific root interaction (Nasar et al., 2020b; Raza et al., 2020; Shao et al., 2020; Mirriam et al., 2022). In our study we found that soybean when intercropped with maize significantly increased the N content and total N uptake of maize crops than in mono-cropping. However, these indices were more prominent under N1 treatment than in N0 and N2 treatment. There could be several reasons to explain such observation, (i) this could be due the N fixation ability of legume which improved the soil nutrient pool and N availability, thereby enhancing the N content and its uptake of the cereal crop during intercropping (Neugschwandtner and Kaul, 2015; Sousa et al., 2022), (ii) it could also be attributed to the underling nutrient sharing between intercrops or facilitative N transfer from legumes to their corresponding cereal crop (Zhang et al., 2017a; Shao et al., 2020), (iii) it might also be due to the rhizosphere modification, root releasing chemicals and alteration in the soil physio-chemical and enzymatic activities due to mix and different rooting behavior during intercropping (Nasar et al., 2022a). Nitrogen fertilization could also play an important role in improving plant N status, which might improve the soil N availability for plant roots (Yong et al., 2018; Ochieng’ et al., 2021). For example, barely in intercropping with fababean was reported to have considerably improved the N content and total N uptake of barely because of the N fixation ability of the companion fababean (Galanopoulou et al., 2019), which confirmed our results. Maize-common bean intercropping has also been shown to have enhanced N contents and its uptake in the maize crop particularly under optimal N fertilizer application (Malunga et al., 2018). Several other cereal-legume intercropping studies have shown to improve the N content and its uptake in cereal crops via underlying facilitative N transfer from legume side to their companion cereal crop, rhizosphere modification, soil nutrient availability improvement, root releasing chemicals, changes in the nutrients related soil enzymes and some unknown mechanisms (Zhang et al., 2014; Chen et al., 2017; Hu et al., 2018; Gao and Meng, 2020; Nyawade et al., 2020a; Shao et al., 2020; Nasar et al., 2022a).

The present study also demonstrated that maize-soybean intercropping significantly increased the N yield indices (i.e., grain N yield and residue N yield) and N use efficiency indices (i.e., NUE, PNUE, NUpE and NAE) of maize crop. However, these indices were further increased under N1 treatments than in N0 and N2 treatments. Probably, this might be due to the underlying facilitation, or complementary (Gitari et al., 2018b; Li et al., 2020), sharing of nutrients (Shao et al., 2020), better use of soil available N and the facilitative N transfer from legume to their companion cereals during intercropping (Yong et al., 2018; Nyawade et al., 2020a). Moreover, N fertilization help reduce the belowground interspecific competition and maximize the facilitative interactions for resources between intercrops (Xiao et al., 2013). As earlier reported that legumes in intercropping with cereals modify the rooting system of cereals, enabling them to occupy more space and acquire more nitrogen (Galanopoulou et al., 2019). Moreover, the facilitative N transfer from legumes to cereals can make a reverent contribution to the N nutrition of cereals (Génard et al., 2016; Zhang et al., 2017a). In previous maize-soybean intercropping study it was found that intercropping significantly improves N content, N uptake and N use efficiency of maize crop particularly under optimized N fertilization, mainly because of the underlying rhizosphere modification and nutrient facilitation provided by soybean (Yong et al., 2018). In another maize-soybean intercropping study it was reported that the significant N transfer from soybean to maize improved the NUE of maize when treated with optimal N fertilization (Zhang et al., 2017b; Raza et al., 2022).

Such improved N status and N use efficiency in the cereal-legume intercropping are directly linked to nitrogen assimilatory enzymes such as NR, NiR and GOGAT activities, which are the key enzymes involve in plant nitrogen metabolism (Nasar et al., 2022b). This study showed that maize-soybean intercropping significantly improved the NR, NiR and GOGAT activity of maize crop as compared with mono-cropping. However, these enzymes were more evident when intercropping was practiced under N1 treatments than N0 and N2 treatment. Possibly, this might be attributed to the nitrogen fixation ability of soybean, which helps improve the nitrogen content of maize plant, thereby enhancing the N metabolism and N-related enzymes of maize crop (Nasar et al., 2022a). It might also be due to the underlying rhizosphere alteration, changes in the soil enzymes and the root releasing chemicals, which ultimately triggers the plant nitrogen metabolisms system (Nasar et al., 2022b). Moreover, nitrogen fertilization is also known to improve the nitrogen metabolism of the plant by improving the nitrogen assimilatory enzymes (Ben, 2016). These results are also supported by Nasar et al. (2022a), who found that maize-soybean intercropping under optimal N fertilization significantly improved the N assimilatory enzymes of maize crop, thereby enhancing its nitrogen use efficiency. Dang et al. (2020) also reported that proso millet and mung bean intercropping significantly improved the nitrogen assimilatory enzymes of millet crops, thereby enhancing their N status and yield. This, suggests that maize-soybean intercropping under optimal N fertilization can help improve the N uptake, N yield and N use efficiency via regulating N assimilatory enzymes, thereby enhancing its productivity.



5 Conclusion

The findings of this study have clearly shown that maize-soybean intercropping significantly improved the yield and yield attribute of maize compared with a mono-cropping system. However, these indices were more pronounced under optimal nitrogen fertilization. Moreover, intercropping under optimal nitrogen fertilization enhanced the nitrogen assimilatory enzymes such as nitrate reductase, nitrite reductase and glutamate synthase activity. This resulted in an improved nitrogen content and total nitrogen uptake of maize crop, thereby enhancing its nitrogen yield indices and nitrogen utilization efficiency indices such as nitrogen use efficiency, partial factor nitrogen use efficiency, nitrogen uptake efficiency and nitrogen agronomic efficiency as compared with mono-cropping. Hence, our study suggests that maize-soybean intercropping could be a potential cropping system for improving crop productivity, nitrogen uptake, nitrogen yield and nitrogen use efficiency under minimal input, ultimately leading to sustainable agricultural development.



Data availability statement

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



Author contributions

JN: conceptualization, methodology, and writing—original draft. CZ and RK: data curation. HG and ZS: formal analysis. GA and IH: resources. ZI and WA: software. XZ and JY: supervision. HG, QL, and RR: writing— review and editing. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Bama County Program for Talents in Science and Technology, Guangxi, China (20210049) and the Special Fund for Guangxi Innovation Team Construction of National Modern Agricultural Industrial Technology System (nycytxgxcxtd-2021-04-03).



Acknowledgments

We acknowledge Guangxi University, Nanning, for providing the experimental station and laboratory facility. We are also thankful to Prof. Dr Xun-Bo Zhou for his technical and advisory support throughout the study.



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.



References

 Ahmad, S., Wang, G. Y., Muhammad, I., Chi, Y. X., Zeeshan, M., Nasar, J., et al. (2022). Interactive effects of melatonin and nitrogen improve drought tolerance of maize seedlings by regulating growth and physiochemical attributes. Antioxidants 11, 359. doi: 10.3390/antiox11020359

 Anbessa, Y., and Juskiw, P. (2012). Nitrogen fertilizer rate and cultivar interaction effects on nitrogen recovery, utilization efficiency, and agronomic performance of spring barley. ISRN Agron. 2012, 531647. doi: 10.5402/2012/531647

 Ben, M. R. (2016). Effect of nitrogen source and concentration on growth and activity of nitrogen assimilation enzymes in roots of a moroccan sorghum ecotype. Plant 4, 71–77. doi: 10.11648/j.plant.20160406.14

 Chen, P., Du, Q., Liu, X., Zhou, L., Hussain, S., Lei, L., et al. (2017). Effects of reduced nitrogen inputs on crop yield and nitrogen use efficiency in a long-term maize-soybean relay strip intercropping system. PloS One 12, e0184503. doi: 10.1371/journal.pone.0184503

 Dang, K., Gong, X., Zhao, G., Wang, H., Ivanistau, A., and Feng, B. (2020). Intercropping alters the soil microbial diversity and community to facilitate nitrogen assimilation: A potential mechanism for increasing proso millet grain yield. Front. Microbiol. 11. doi: 10.3389/fmicb.2020.601054

 Du, Q., Zhou, L., Chen, P., Liu, X., Song, C., Yang, F., et al. (2020). Relay-intercropping soybean with maize maintains soil fertility and increases nitrogen recovery efficiency by reducing nitrogen input. Crop J. 8, 140–152. doi: 10.1016/j.cj.2019.06.010

 Faridvand, S., Rezaei-Chiyaneh, E., Battaglia, M., Gitari, H., Raza, M. A., and Siddique, K. H. M. (2021). Application of bio and chemical fertilizers improves yield, and essential oil quantity and quality of Moldavian balm (Dracocephalum moldavica L.) intercropped with mung bean (Vigna radiata L.). Food Energy Secur. 11, 319. doi: 10.1002/fes3.319

 Fung, K. M., Tai, A. P. K., Yong, T., Liu, X., and Lam, H. (2019). Co-Benefits of intercropping as a sustainable farming method for safeguarding both food security and air quality. Environ. Res. Lett. 14, 044011. doi: 10.1088/1748-9326/aafc8b

 Galanopoulou, K., Lithourgidis, A. S., and Dordas, C. A. (2019). Intercropping of faba bean with barley at various spatial arrangements affects dry matter and n yield, nitrogen nutrition index, and interspecific competition. Not. Bot. Horti Agrobo. 47, 1116–1127. doi: 10.15835/nbha47111520

 Gao, H., and Meng, W. (2020). Yield and nitrogen uptake of sole and intercropped maize and peanut in response to n fertilizer input. Food Energy Secur. 9, 1–12. doi: 10.1002/fes3.187

 Génard, T., Etienne, P., Laîné, P., Yvin, J. C., and Diquélou, S. (2016). Nitrogen transfer from lupinus albus l., trifolium incarnatum l. and vicia sativa l. contribute differently to rapeseed (Brassica napus L.) nitrogen nutrition. Heliyon 2, e00150. doi: 10.1016/j.heliyon.2016.e00150

 Gitari, H. I., Gachene, C. K. K., Karanja, N. N., Kamau, S., Sharma, K., and Schulte-Geldermann, E. (2018a). Optimizing yield and economic returns of rain-fed potato (Solanum tuberosum L.) through water conservation under potato-legume intercropping systems. Agric. Water Manage. 208, 59–66. doi: 10.1016/j.agwat.2018.06.005

 Gitari, H. I., Karanja, N. N., Gachene, C. K. K., Kamau, S., Sharma, K., and Schulte-Geldermann, E. (2018b). Nitrogen and phosphorous uptake by potato (Solanum tuberosum L.) and their use efficiency under potato-legume intercropping systems. Field Crops Res. 222, 78–84. doi: 10.1016/j.fcr.2018.03.019

 Gitari, H. I., Nyawade, S. O., Kamau, S., Karanja, N. N., Gachene, C. K. K., Raza, M. A., et al. (2020). Revisiting intercropping indices with respect to potato-legume intercropping systems. Field Crops Res. 258, 107957. doi: 10.1016/j.fcr.2020.107957

 Gou, F., Ittersum, M. K., Van, Couëdel,,. A., Zhang, Y., Wang, Y., Putten, P. E. L., et al. (2018). Intercropping with wheat lowers nutrient uptake and biomass accumulation of maize, but increases photosynthetic rate of the ear leaf. AoB Plants 10, ply010. doi: 10.1093/aobpla/ply010

 Hu, F., Tan, Y., Yu, A., Zhao, C., Coulter, J. A., and Fan, Z. (2018). Low n fertilizer application and intercropping increases n concentration in pea (Pisum sativum L.) grains. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01763

 Imran, M., Sun, X., Hussain, S., Ali, U., Rana, M. S., Rasul, F., et al. (2019). Molybdenum-induced effects on nitrogen metabolism enzymes and elemental profile of winter wheat (Triticum aestivum L.) under different nitrogen sources. Int. J. Mol. Sci. 20, 3009. doi: 10.3390/ijms20123009

 Kisaka, M. O., Shisanya, C., Cournac, L., Manlay, J. R., Gitari, H., and Muriuki, J. (2023). Integrating no-tillage with agroforestry augments soil quality indicators in kenya’s dry-land agroecosystems. Soil Til. Res. 227, 105586. doi: 10.1016/j.still.2022.105586

 Latati, M., Aouiche, A., Tellah, S., Laribi, A., Benlahrech, S., Kaci, G., et al. (2017). European Journal of soil biology intercropping maize and common bean enhances microbial carbon and nitrogen availability in low phosphorus soil under Mediterranean conditions. Eur. J. Soil Biol. 80, 9–18. doi: 10.1016/j.ejsobi.2017.03.003

 Li, Q., Kong, F., Wu, Y., Feng, D., and Jichao, Y. (2020). Increasing nitrogen accumulation and reducing nitrogen loss with n-efficient maize cultivars. Plant Prod. Sci. 23, 260–269. doi: 10.1080/1343943X.2019.1710221

 Lin, C. C., and Kao, C. H. (1996). Disturbed ammonium assimilation is associated with growth inhibition of roots in rice seedlings caused by NaCl. Plant Growth Regul. 18, 233–238. doi: 10.1007/BF00024387

 Li, Y., Shi, D., LI, G., Zhao, B., Zhang, J., Liu, P., et al. (2019). Maize/peanut intercropping increases photosynthetic characteristics, 13C-photosynthate distribution, and grain yield of summer maize. J. Integr. Agric. 18, 2219–2229. doi: 10.1016/S2095-3119(19)62616-X

 Liu, Z., Gao, F., Yang, J., Zhen, X., Li, Y., Zhao, J., et al. (2019). Photosynthetic characteristics and uptake and translocation of nitrogen in peanut in a wheat–peanut rotation system under different fertilizer management regimes. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00086

 Maitra, S., Hossain, A., Brestic, M., Skalicky, M., Ondrisik, P., Gitari, H., et al. (2020). Intercropping system – a low input agricultural strategy for food and environmental security. Agronomy 11, 343. doi: 10.3390/agronomy11020343

 Malunga, I., Lelei, J. J., and Makumba, W. (2018). Effect of mineral nitrogen and legume intercrops on maize (Zea mays L.) nitrogen uptake, nutrient use efficiency and yields in chitedze and zomba, Malawi. Sustain. Agric. Res. 7, 64–79. doi: 10.5539/sar.v7n1p64

 Mead, R., and Willey, R. W. (1980). The concept of a ‘land equivalent ratio’ and advantages in yields from intercropping. Exp. Agric. 16, 217–228. doi: 10.1017/S0014479700010978

 Mirriam, A., Mugwe, J., Raza, M. F., Seleiman, M. A., Maitra, S., and Gitari, H. I. (2022). Aggrandizing soybean yield, phosphorus use efficiency and economic returns under phosphatic fertilizer application and inoculation with bradyrhizobium. J. Soil Sci. Plant Nutt. 22, 5086–5098. doi: 10.1007/s42729-022-00985-8

 Mirzapour, M., Heydarzadeh, S., and Gitari, H. (2022). Statistical methods and probabilities in agricultural science. Iksad Publishing House Turkey. 508.

 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

 Nasar, J., Khan, W., Khan, M. Z., Gitari, H. I., Gbolayori, J. F., Moussa, A. A., et al. (2021). Photosynthetic activities and photosynthetic nitrogen use efficiency of maize crop under different planting patterns and nitrogen fertilization. J. Soil Sci. Plant Nutr. 21, 2274–2284. doi: 10.1007/s42729-021-00520-1

 Nasar, J., and Shah, Z. (2017). Effect of iron and molybdenum on yield and nodulation of lentil. ARPN J. Agric. Biol. Sci. 12, 332–339.

 Nasar, J., Shao, Z., Arshad, A., Jones, F. G., Liu, S., Li, C., et al. (2020a). The effect of maize–alfalfa intercropping on the physiological characteristics, nitrogen uptake and yield of maize. Plant Biol. 22, 1140–1149. doi: 10.1111/plb.13157

 Nasar, J., Shao, Z., Gao, Q., Zhou, X., Fahad, S., Liu, S., et al. (2020b). Maize-alfalfa intercropping induced changes in plant and soil nutrient status under nitrogen application. Arch. Agron. Soil Sci. 68, 151–165. doi: 10.1080/03650340.2020.1827234

 Nasar, J., Wang, G.-Y., Ahmad, S., Muhammad, I., Zeeshan, M., Gitari, H., et al. (2022a). Nitrogen fertilization coupled with iron foliar application improves the photosynthetic characteristics, photosynthetic nitrogen use efficiency, and the related enzymes of maize crops under different planting patterns. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.988055

 Nasar, J., Wang, G. Y., Zhou, F. J., Gitari, H., Zhou, X. B., Tabl, K. M., et al. (2022b). Nitrogen fertilization coupled with foliar application of iron and molybdenum improves shade tolerance of soybean under maize-soybean intercropping. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1014640

 Nduwimana, D., Mochoge, B., Danga, B., Masso, C., Maitra, S., and Gitari, H. (2020). Optimizing nitrogen use efficiency and maize yield under varying fertilizer rates in Kenya. Int. J. Biores Sci. 7, 63–73. doi: 10.30954/2347-9655.02.2020.4

 Neugschwandtner, R. W., and Kaul, H. P. (2015). Nitrogen uptake, use and utilization efficiency by oat-pea intercrops. Field Crop Res. 179, 113–119. doi: 10.1016/j.fcr.2015.04.018

 Nyawade, S., Gitari, H. I., Karanja, N. N., Gachene, C. K., Schulte-Geldermann, E., Sharma, K., et al. (2020b). Enhancing climate resilience of rain-fed potato through legume intercropping and silicon application. Front. Sustain. Food Syst. 4. doi: 10.3389/fsufs.2020.566345

 Nyawade, S. O., Karanja, N. N., Gachene, C. K. K., Gitari, H. I., Schulte-Geldermann, E., and Parker, M. L. (2019). Short-term dynamics of soil organic matter fractions and microbial activity in smallholder legume intercropping systems. Appl. Soil Ecol. 142, 123–135. doi: 10.1016/j.apsoil.2019.04.015

 Nyawade, S. O., Karanja, N. N., Gachene, C. K. K., Gitari, H. I., Schulte-Geldermann, E., and Parker, M. (2020a). Optimizing soil nitrogen balance in a potato cropping system through legume intercropping. Nutt. Cycl. Agroecosys. 117, 43–59. doi: 10.1007/s10705-020-10054-0

 Ochieng’, I. O., Gitari, H. I., Mochoge, B., Rezaei-Chiyaneh, E., and Gweyi-Onyango, J. P. (2021). Optimizing maize yield, nitrogen efficacy and grain protein content under different n forms and rates. J. Soil Sci. Plant Nutt. 21, 1867–1880. doi: 10.1007/s42729-021-00486-0

 Qian, X., Zang, H., Xu, H., Hu, Y., Ren, C., Guo, L., et al. (2018). Relay strip intercropping of oat with maize, sunflower and mung bean in semi-arid regions of northeast China: Yield advantages and economic benefits. Field Crop Res. 223, 33–40. doi: 10.1016/j.fcr.2018.04.004

 Rao, L. V. M., Rajasekhar, V. K., Sopory, S. K., and Guha-Mukherjee, S. (1981). Phytochrome regulation of nitrite reductase-a chloroplast enzyme-in etiolated maize leaves. Plant Cell Physiol. 22, 577–582. doi: 10.1093/oxfordjournals.pcp.a076200

 Rawashdeh, H. (2016). Foliar application with iron as a vital factor of wheat crop growth, yield quantity and quality: A review. Int. J. Agric. Policy Res. 3, 368–376. doi: 10.15739/IJAPR.062

 Raza, M. A., Bin Khalid, M. H., Zhang, X., Feng, L. Y., Khan, I., Hassan, M. J., et al. (2019). Effect of planting patterns on yield, nutrient accumulation and distribution in maize and soybean under relay intercropping systems. Sci. Rep. 9, 4947. doi: 10.1038/s41598-019-41364-1

 Raza, M. A., Feng, L. Y., van der Werf, W., Iqbal, N., Khan, I., Khan, A., et al. (2020). Optimum strip width increases dry matter, nutrient accumulation, and seed yield of intercrops under the relay intercropping system. Food Energy Secur. 9, e199. doi: 10.1002/fes3.199

 Raza, M. A., Gul, H., Wang, J., Yasin, H. S., Qin, R., Khalid, M. H. B., et al. (2021). Land productivity and water use efficiency of maize-soybean strip intercropping systems in semi-arid areas: A case study in punjab province. Cleaner Prod. 308, 127282. doi: 10.1016/j.jclepro.2021.127282

 Raza, M. A., Yasin, H. S., Gul, H., Qin, R., Din, A. M. U., Khalid, M. H. B., et al. (2022). Maize/soybean strip intercropping produces higher crop yields and saves water under semi-arid conditions. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1006720

 Saleem, R., Ahmed, Z., Ashraf, M., and Arif, M. (2011). Response of maize-legume intercropping system to different fertility sources under rainfed conditions. Sarhad J. Agric. 27, 503–511. doi: 10.1038/s41598-019-49558-3

 Shao, Z., Wang, X., Gao, Q., Zhang, H., Yu, H., Wang, Y., et al. (2020). Root contact between maize and alfalfa facilitates nitrogen transfer and uptake using techniques of foliar 15N-labeling. Agronomy 10, 360. doi: 10.3390/agronomy10030360

 Sinebo, W., Gretzmacher, R., and Edelbauer, A. (2004). Genotypic variation for nitrogen use efficiency in Ethiopian barley. Field Crop Res. 85, 43–60. doi: 10.1016/S0378-4290(03)00135-7

 Sousa, W. S., Soratto, R. P., Peixoto, D. S., Campos, T. S., da Silva, M. B., Souza, A. G. V., et al. (2022). Effects of rhizobium inoculum compared with mineral nitrogen fertilizer on nodulation and seed yield of common bean. A meta-analysis. Agron. Sustain. Dev. 42, 52. doi: 10.1007/s13593-022-00784-6

 Sun, T., Li, Z., Wu, Q., Sheng, T., and Du, M. (2018). Effects of alfalfa intercropping on crop yield, water use efficiency, and overall economic benefit in the corn belt of northeast China. Field Crop Res. 216, 109–119. doi: 10.1016/j.fcr.2017.11.007

 Sun, B., Peng, Y., Yang, H., Li, Z., Gao, Y., Wang, C., et al. (2014). Alfalfa (Medicago sativa L.)/Maize (Zea mays L.) intercropping provides a feasible way to improve yield and economic incomes in farming and pastoral areas of northeast China. PloS One 9, e110556. doi: 10.1371/journal.pone.0110556

 Wang, Q., Liu, C., Dong, Q., Huang, D., Li, C., Li, P., et al. (2018). Genome-wide identification and analysis of apple nitrate transporter 1/peptide transporter family (NPF) genes reveals MdNPF6.5 confers high capacity for nitrogen uptake under low-nitrogen conditions. Int. J. Mol. Sci. 19, 2761. doi: 10.3390/ijms19092761

 Xiang, H., Zhang, Y., Wei, H., Zhang, J. E., and Zhao, B. (2018). Soil properties and carbon and nitrogen pools in a young hillside longan orchard after the introduction of leguminous plants and residues. PeerJ 6, e5536. doi: 10.7717/peerj.5536

 Xiao, X., Cheng, Z., Meng, H., Liu, L., Li, H., and Dong, Y. (2013). Intercropping of green garlic (Allium sativum L.) induces nutrient concentration changes in the soil and plants in continuously cropped cucumber (Cucumis sativus L.) in a plastic tunnel. PloS One 8, e62173. doi: 10.1371/journal.pone.0062173

 Yang, F., Liao, D., Wu, X., Gao, R., Fan, Y., Raza, M. A., et al. (2017). Effect of aboveground and belowground interactions on the intercrop yields in maize-soybean relay intercropping systems. Field Crop Res. 203, 16–23. doi: 10.1016/j.fcr.2016.12.007

 Yong, T. W., Chen, P., Dong, Q., Du, Q., Yang, F., Wang, X. C., et al. (2018). Optimized nitrogen application methods to improve nitrogen use efficiency and nodule nitrogen fixation in a maize-soybean relay intercropping system. J. Integr. Agric. 17, 664–676. doi: 10.1016/S2095-3119(17)61836-7

 Zaeem, M., Nadeem, M., Pham, T. H., Ashiq, W., Ali, W., Gilani, S. S. M., et al. (2019). The potential of corn-soybean intercropping to improve the soil health status and biomass production in cool climate boreal ecosystems. Sci. Rep. 9. doi: 10.1038/s41598-019-49558-3

 Zhang, X., Huang, G., and Zhao, Q. (2014). Differences in maize physiological characteristics, nitrogen accumulation, and yield under different cropping patterns and nitrogen levels. Chil. J. Agric. Res. 74, 326–332. doi: 10.4067/S0718-58392014000300011

 Zhang, Y., Wang, J., Gong, S., Xu, D., and Sui, J. (2017b). Nitrogen fertigation effect on photosynthesis, grain yield and water use efficiency of winter wheat. Agric. Water Manage. 179, 277–287. doi: 10.1016/j.agwat.2016.08.007

 Zhang, H., Zeng, F., Zou, Z., Zhang, Z., and Li, Y. (2017a). Nitrogen uptake and transfer in a soybean/maize intercropping system in the karst region of southwest China. Ecol. Evol. 7, 8419–8426. doi: 10.1002/ece3.3295

 Zhong, H., Sun, L., Fischer, G., Tian, Z., van Velthuizen, H., and Liang, Z. (2017). Mission impossible? maintaining regional grain production level and recovering local groundwater table by cropping system adaptation across the north China plain. agric. Water Manage. 193, 1–12. doi: 10.1016/j.agwat.2017.07.014




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 © 2023 Nasar, Zhao, Khan, Gul, Gitari, Shao, Abbas, Haider, Iqbal, Ahmed, Rehman, Liang, Zhou and Yang. 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/M2.jpg
Grain N yield (g/pot) = Grain yield x Grain N content (2)





OEBPS/Images/M6.jpg
PENUE (gpot™) = =2 [0}






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Maize-soybean intercropping at optimal N fertilization increases the N uptake, N yield and N use efficiency of maize crop by regulating the N assimilatory enzymes

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Material and methods

        

          		

            2.1 Site description, experimental design and layout

          



          		

            2.2 Data collection

          

            		

              2.2.1 Grain and residue yield

            



            		

              2.2.2 Grain and residue N content and  total N uptake

            



            		

              2.2.3 Nitrogen yield and nitrogen harvest index

            



            		

              2.2.4 Nitrogen use efficiency indices

            



            		

              2.2.5 Nitrogen assimilatory enzymes

            

              		

                2.2.5.1 NR activity

              



              		

                2.2.5.2 NiR activity

              



              		

                2.2.5.3 GOGAT activity

              



            



            



            		

              2.2.6 Land equivalent ratio for nitrogen yield (LERN)

            



          



          



          		

            2.3 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Grain and residue yield

          



          		

            3.2 N yield indices and N harvest index

          



          		

            3.3 N concentration and total N uptake

          



          		

            3.4 Nitrogen use and utilization

          



          		

            3.5 Nitrogen assimilatory enzymes

          



          		

            3.6 Liner regression

          



        



        



        		

          4 Discussion

        



        		

          5 Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-1077948-g003.jpg
(2022)

(2021)

< < o
(%) 3oupuod N
uref aziepy

(%) 3oupuoo N
ureaf aziepy

Nitrogen treatments

Nitrogen treatments

(%) 1oupuod N
anpisay aziepy

&« -
(%) 3oupuoo N
anpisay aziey

Nitrogen treatments

Nitrogen treatments

300

& 2
{,30d B)
ayedn y [ejoL

S S
S =3
5 =
(,30d B)
axeydn y jejor

Nitrogen treatments

Nitrogen treatments





OEBPS/Images/fpls-13-1077948-g002.jpg
BB Temp (°C)  (2021)
-# Rain fall (mm)

(ww) ey urey

Months

E8 Temp (°C) (2022)
- Rain fall (mm)

(wiw) ey urey

May June July August Sept Oct
Months






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
Total N uptake (g/pot)
= (GNC x Grain yield) + (RNC  Residueyield) (1)





OEBPS/Images/M5.jpg
& ©®
NUE (g pot

Nt N,





OEBPS/Images/fpls-13-1077948-g001.jpg
10cm

Planting Patterns

Maize Mono-cropping Maize Intercropping
(MM) (™Mi)
| 1
T
Nitrogen Fertilizer Level
(NL)

L 4

NO N1 N2

MM
* 3 plants of maize

L

EEEEEEEE]

I—T—J

Mi
* 3 plants and + 5 seeds of the soybean (3:5)






OEBPS/Images/fpls-13-1077948-g006.jpg
MM 021)
- M s (2022)
- M

)

NR actvity (Ug
NR actvity (Ug

NO N1 N2 NO N1 N2

Nitrogen treatments Nitrogen treatments

12 14
a

—~11 h a2
- ‘o
2 2
2" z
H d cd 310
° K
s ° g
[
= 8

NO N1 N2 NO N1 N2

Nitrogen treatments Nitrogen treatments

(9]
m

130 140
=5 a
120 -
>
> S 120 }
2 2 b =
110 e -
2z 3>
3 100 3 100 d N ]
© ©
= =
< 90 7]
° g w0
o 8o o
70

NO N1 N2 NO N1 N2

Nitrogen treatments Nitrogen treatments





OEBPS/Images/M9.jpg
LERy =

Ny
NYaa

©®





OEBPS/Images/M4.jpg
Grain N yield

Nharvest ndex () = o e o

00 @





OEBPS/Images/fpls-13-1077948-g005.jpg
| vV
(2021)
B &= n‘" (2022)

(9]

300 300

"% 200 g 200
Q (-3
= o)
2 ]

S 100 5 100
z z

0 0

NO N1 N2 NO N1 N2
Nitrogen treatments Nitrogen treatments
300 a 400
T b

PN c c . B —~ 300
52001 4 T s
Q Q

E) D 200
w w
< 100 <

z Z 100

ol E
NO N1 N2 NO N1 N2

Nitrogen treatments Nitrogen treatments





OEBPS/Images/table2.jpg
Treatment Grain N yield Residue N yield rvest index

-1 -1
(g pot™) (g pot™) (%)
N fertilizer Plantingpattern = Year 2021 = Year 2022  Year 2021 Year Year Year
rate 2022 2021 2022
No MM 20370 + 208.17 + 448.66 + 460.75 + 4563 + 4536 +
19.4d 196d 280e 2894 6.1 55
MI 259.05 + 27543 + 562.08 + 613.49 + 4598 + 4485 + 13 13
358¢ 298¢ 24.1¢ 3ldc 5.1 37
N, MM 26376 + 26260 + 52742+ 527.76 + 50.06 + 49.73 =
167 ¢ 215¢ 289 cd 143d 32 35
MI 403.88 + 431.69 + 807.54 + 884.07 + 50.08 + 4887 + 15 16
329a 343a 80.2a 658a 11 27
N, MM 24154 + 24150 + 484.35 + 482.68 + 50.15 + 50.26 +
188 cd 217 od 374 de 38.1d 6.1 59
MI 33624 + 33845 + 694.58 + 697.15 + 4855 = 48381 14 14
28.6b 29.1b 72.1b 66.7 b 35 57
Significance
NL 0.000*** 0.000"* 0,000 0.000°* 0.164" 0.133"
PP 0.000%** 0.000%+% 0.000%** 0.000%+ 0.830™ 0.631™
NL*PP 0.017* 0.003** 0.013* 0.000°* 0.901"™ 0979™

‘The mean values with different lower case letters (+ standard deviation) are significantly different from each other at LSD Test (P < 0.05). *p< 0.05, **p< 0.01, **p< 0.001, ™ p > 0.05.






OEBPS/Images/fpls-13-1077948-g007.jpg
Year 2021

1.2
Y =0.001513*X + 0.06606
144 R*=0.7355 (6 <0.0001)
> 1
z
© 0
0
M =)
. 2
z

0 100 200 300
Total N uptake

(g pot™)

0.01782% + 6.767
/8464 (p < 0.0001)

NiR activity
(ug™

0 100 200 300
Total N uptake
)
(g pot’)

130
Y =0.01846°X + 67.09

L <o0.
120 RP=08077 (6 <0.000m)

110

100

(ug™)

90

GOGAT activity

80

70 T T 1
[ 100 200 300

Total N uptake
-
(g pot)

NiR activity

1.4
Y =0.001797°X + 0.6222
R?=0.7482 (p < 0.0001)
1.2
2
z
e @10
£ S
x 2
z
0.8
0.6 T T 1
[ 100 200 300
Total N uptake
-1
(g pot’)
13
Y =0.01810°X + 6.754
R?=0.8432 (p < 0.0001
12 [ )
‘=
E)

0 100 200 300
Total N uptake

(g pot™)

140
Y =0.4782°X + 69.96
R”=0.6839 (p < 0.0001) .

2z 120

k4

o

8-

L @100

2

< 2

©

o

o 80

o 100 200 300
Total N uptake

(g pot™)

Year 2022





OEBPS/Images/M8.jpg
P o ERBUD g YLD
NAE (gpoc”) = IR





OEBPS/Images/fpls.2022.1077948_cover.jpg
& frontiers | Frontiers in Plant Science

Maize-soybean intercropping
at optimal N fertilization
increases the N uptake, N yield
and N use efficiency of maize
crop by regulating the
N assimilatory enzymes





OEBPS/Images/M3.jpg
Residue N yield (g/pot)

= Residue yield x Residue N content ®





OEBPS/Images/fpls-13-1077948-g004.jpg
B MM 5022
M

| MV
2021
m (2021)
A 20
c 2 b
d c il cd
—~ 150 o
°
(=N
100
w
2
Z 50
0
NoO N1 N2 NO N1 N2

Nitrogen treatments Nitrogen treatments

B D
° B
1 8
3 2
w w
2 =]
z 4
w w
o o

N1 N2

N1 N2

Nitrogen treatments Nitrogen treatments





OEBPS/Images/table1.jpg
Treatment Grain yield (g pot'w) Residue yield (g pot'w) 100-grain weight (g)
N fertilizer rate  Plantingpattern Year 2021 Year 2022 Year 2021 Year 2022 Year 2021 Year 2022
No MM 91.50 + 8.1 d 93.00 + 786.0 d 20136 £9.5d | 20561 +8542c | 2252+16c | 2213+20d
MI 10618 +11.6c | 109.94 + 810.1 ¢ 23064 +74c | 24489+ 7818b | 27.66+21b | 27.90 + 3.1 bc
N, MM 105.15 £ 4.5 ¢ 10590 + 6214 ¢ 21040 £101d 213157508 c | 27.81x21b | 27.83+23c
MI 13654+ 292 14229 +707.0a | 27280+ 106a | 29130 £8552a | 37.09+17a | 3871+32a
N, MM 10205+ 81cd | 10380 +6214cd  20415+£85d  207.15+7508c | 2381+ 1lc | 2508 +3.1cd
MI 12262+32b 12337 £707.0b 25355+ 177b 25480 £8552b 3010 +06b | 3246+19b
Significance
NL 0.000%* 0.000%** 0.003* 0.001* 0.001% 0.000***
PP 0.000%** 0.000*** 0.000** 0.000%** 0.000%* 0.000***
NL*PP 0.150" 0.061" 0.065™ 0.020* 0.106 ™ 0269 ™

The mean values with different lowercase letters (+ standard deviation) are significantly different from each other at LSD Test (P < 0.05). *p< 0.05, **p< 0.01, ***p< 0.001, ™ p > 0.05.






OEBPS/Images/fpls-13-1077948-g008.jpg
Year 2021

A

NR actvity
A
(Ug )

NiR activity
(ug™

GOGAT activity

13

Y =0.006749°X -0.1445
R?=0.7090 (p <0.0001)

140

160

NUE (g pot™)

Y =0.07763*X -2.428
R?=0.7783 (p < 0.0001)

180

200

140

160

NUE (g pot™)

Y =0.08167*X -30.10
R*=0.7667 (p < 0.0001)

140

160

NUE (g pot™)

180

180

200

200

D
1.4 Y =0.007902*X -0.3330
R?=10.6894 (p < 0.0001)
2
zT
©
)
M=)
¢ 2
z
120 140 160 180 200
E
NUE (g pot )
E
13
Y =0.08102"X -3.093
R?=0.8045 (p < 0.0001)
2
z~
P
e >
e 2
z
120 140 160 180 200
NUE (g pot™)
F
140
Y = 08069°X - 28.44
R?=0.6677 (p < 0.0001) s
2
=
K
H
s
<
o
o
o

120 140 160 180 200

NUE (g pot™)

Year 2022





OEBPS/Images/M7.jpg
@





