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Aims


Soil nitrogen is recognized as a vital nutrient influencing soybean growth and yield. Hence, a comprehensive understanding of the intricate connections between shifts in nitrogen patterns and the behaviors of soil microbial communities and crucial enzymes in the nitrogen cycle is highly desirable.







Methods


This study involved a rotation positioning experiment spanning 11 years (2012-2022). Measurement of soil microenvironment changes during the mature period for three consecutive years (2020-2022). Based on these groups, the study delved into the alterations in nitrogen patterns within the soybean rotation, examining both soil enzyme activity and microbial community dynamics.







Results


Long-term crop rotation and nitrogen application led to an increase ranging from 2.16% to 108.34% in the nine components of soil nitrogen. Gemmatimonas, Rhodanobacter and Mrakia could effectively increase soil nitrogen content and had a reciprocal promotion with soil urease and protease activities, whereas Blastococcus and Fusarium increased soil nitrogen loss. Changes in inorganic nitrogen and total organic nitrogen resulting from crop rotation enhanced the abundance of soil microbial communities, reducing their diversity.







Conclusions


Overall, findings demonstrate that long-term crop rotation and nitrogen management significantly influence soil nitrogen dynamics, microbial community structure, and enzyme activities. Thus, enhancing the functional capacities of soil microbial communities to support sustainable soybean production.
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1 Introduction


Leguminous crops inherently possess nitrogen-fixing capabilities, which provide nitrogen nutritional supplies for subsequent cereal crops. The root systems of leguminous crops play a significant role in shaping this soil microenvironment during their growth (Aparicio and Costa, 2007). The biological nitrogen fixation capacity of China’s soybean-growing areas can reach up to a maximum of 150 kg ha-1 (Sui and Yuan, 2023). In China’s intensive agricultural landscapes, the widespread deployment of high-nitrogen fertilizers constitutes 15% of the total arable land area (Han et al., 2025). This excessive application has led to poor nitrogen utilization efficiency, soil compaction, and a decrease in soil organic matter content. Simultaneously, Nitrogen that is not absorbed by plants enters the soil, atmosphere, and water bodies, polluting the ecological environment (Raza et al., 2019; Mori et al., 2023). Hence, establishing a green and sustainable crop rotation model is of paramount significance, especially in intensively cultivated areas.



Vance (2001) highlighted that 80–100 kg ha-1 of nitrogen in subsequent-season crops emanates from preceding-season leguminous cover crops (Vance, 2001). A three-year field experiment demonstrated that crop rotation with leguminous crops augmented maize yield and nitrogen utilization efficiency in the subsequent season by 35.5% and 33.0%, respectively (Gan et al., 2015). Similarly, maize yields in France exhibited an average annual decline of 0.035 t ha-1 over a 15-year span, when leguminous crop cultivation was reduced (Brisson et al., 2010). Hence, a comprehensive exploration of the impact of leguminous crops within crop rotation systems on nitrogen supply mechanisms for succeeding crops holds substantial practical implications. This endeavor is pivotal for reducing nitrogen inputs, enhancing nitrogen utilization efficiency, and producing crops with excellent quality and yield.


Soil nitrogen levels, forms, and transformations have a direct influence on the nutritional capacity of crops (Dessureault-Rompré, 2022). Inorganic nitrogen is primarily derived from residual soil sources as well as the mineralization of organic nitrogen from soil or applied organic materials (Heinzle et al., 2021). Soil acid hydrolyzable nitrogen, exchangeable ammonium, nitrate nitrogen, and alkaline hydrolyzable nitrogen constitute the main forms of nitrogen, comprising 2.61% to 14.85% of total nitrogen. These forms serve as the principal sources of nitrogen nutrition for soil plants, with direct absorption and assimilation (Anugroho and Kitou, 2020). Organic nitrogen accounts for more than 90% of total nitrogen in soil, representing the predominant nitrogen form. Its content and distribution are closely linked to soil organic matter (Soman et al., 2017). Labile organic nitrogen, a highly prevalent category of nitrogen compounds, typically constitutes 20% to 60% of total soil nitrogen (Chen et al., 2018). This category mainly resides within soil organic matter, including proteins and peptides (Crespo et al., 2021).


Soil hydrolysates also include light organic nitrogen, accounting for about 5% to 10% of total soil nitrogen (Leinweber et al., 2013). It generally exists in the form of polysaccharide structures and can interact with small molecules like antimicrobial substances in conjunction with sticky peptides and proteins. In soil, it potentially serves a dual role, acting as a source of energy for plant growth and assisting the development of a sound soil structure (Braos et al., 2016; Feng et al., 2018). Crop rotation enhances nutrient cycling, boosts soil organic carbon, and augments soil fertility. A rice-bean rotation system effectively mitigates continuous cropping obstacles, resulting in increased yields and better crop quality. Concurrently, a notable surge in both the abundance and diversity of subterranean microorganisms is observed, imparting a transformative enhancement to the intricate tapestry of soil microstructures (Hu et al., 2025).


The enzymatic activities of soil exhibit significant correlations with indicators such as soil nitrogen content and microbial communities (Sun et al., 2022). Within the realm of soil, enzymes such as urease, protease, and nitrate reductase exhibit enhanced activity (Park et al., 2016). A plethora of investigations have demonstrated crop rotation’s ability to foster microbial diversity in soil, while concomitantly bolstering enzymatic activity in the arable strata (Liu et al., 2024). According to Wang et al. (2025), conventional cultivation does not generate discernable discrepancies in soil enzymatic activity across varying soil depths, whereas rotated cultivation unveils a distinct stratification of enzyme activity in congruence with soil depth (Mori et al., 2023). Under divergent crop rotation regimes, the activity of distinct enzymes is variably influenced. Within the maize-soybean rotation paradigm, enzymes like soil urease, protease, and nitrate reductase demonstrate noteworthy distinctions in activity when compared to monoculture soybean and continuous maize scenarios (Lu et al., 2024).


The investigation of the complex interaction between crop rotation and the intricate tapestry of soil’s nitrogen-fixing bacterial communities has been predominantly guided by rudimentary methodologies, such as age-old breeding practices. Although traditional, these approaches fall short of capturing nuanced abundance, precise evaluation of nitrogen fixation, and the subtle shifts within bacterial populations in the intricate milieu of complex soil ecosystems (Wang et al., 2025). The higher the abundance of microorganisms such as bacteria, fungi, and actinomycetes in the soil, the greater the stability of their communities, thereby enhancing soil fertility and promoting plant growth (Sun et al., 2020). Continuous cropping has been shown to limit the amount of rhizobia and inhibit root nodule formation, thereby fostering the development of certain diseases (Li et al., 2018).


Prolonged crop rotation increases the population of Bacillus, Streptomyces, and Acidobacteria in the soil, whereas Bacillus, Rhodococcus, and yeast encourage crop growth and yield, ultimately improving the structure and functionality of the soil’s microbial community (Saijai et al., 2016). Similarly, Perez-Brandan et al. (2014) found that long-term continuous cropping of soybeans increased soil fungal and plant diseases, with fungal populations significantly lower in soybeans under crop rotation with rice (Perez-Brandan et al., 2014). Several studies have reported continuous cropping significantly reduces the quality of soybeans, the quantity and vitality of coexisting rhizobia, as well as nitrogen fixation. A 5-year soybean planting cycle induces substantial diversity shifts within nitrogen-fixing bacterial populations in the soil as compared to maize-soybean rotation. Different planting strategies reduce the types and quantities of nitrifying bacteria to varying degrees, accompanied by distinct alterations in the bacterial community structure of the soil (Narayana et al., 2022).


Building upon the aforementioned literature, we hypothesized that crop rotation improves the soil nitrogen content and crop yield through microorganism-mediated enhancement of the nitrogen cycle. The objectives of this study are to (1) explore the influence of long-term maize-soybean rotations coupled with nitrogen application on soil nitrogen forms, enzymatic activities, and microbial community structure; (2) elucidate the effects of soil enzymes and microbial communities on changes in various forms of nitrogen.






2 Materials and methods





2.1 Site profile and experimental design


A long-term field experiment was established in May 2012 with two systems: continuous soybean cropping and maize–soybean rotation. The experimental site was located at the Yanming Lake Seed Company base in Shaheyan, Guandian Town, Dunhua City, Yanbian Korean Autonomous Prefecture, Jilin Province, China (128.3592°E, 43.4400°N). The climate is temperate semi-humid, and the soil type is Albic Luvisol. The mean monthly rainfall and mean air temperature during the crop-growing seasons of 2012–2022 are shown in 
Figure 1
. To investigate the long-term effects of crop rotation and continuous monoculture, sampling for this study was conducted from October 1, 2020, to October 1, 2022. Prior to sampling, all treatment groups had been implemented continuously for nine years. The maize cultivar used was Deyu 579, while the soybean cultivar was Jiyu 47. Fertilizers applied included urea (N2O ≥ 46%), superphosphate (P2O5 ≥ 46%), and potassium sulfate (K2O ≥ 52%). Fertilizer application rates were precisely calibrated manually according to experimental design. A one-time basal fertilization method was employed, with fertilizers applied simultaneously during sowing. From 2012 to 2022, the crop cultivars, fertilization methods, and fertilizer types remained consistent across experimental fields. Additionally, during this period, the rotation treatment maintained alternating maize-soybean cropping on the same plot, while the continuous monoculture treatment involved repeated cultivation of the same crop on identical plots. The basic physicochemical properties of soils under different treatments from 2020 to 2022 are detailed in 
Supplementary Table S1
 of the 
Supplementary Materials
.


[image: Bar chart showing average monthly precipitation in millimeters from 2012 to 2022, with corresponding line graph for average temperatures in degrees Celsius. Precipitation is represented by blue bars, and temperatures by red dots connected by lines.]
Figure 1 | 
Monthly average rainfall and average temperature recorded during the maize and soybean experimental period (2012–2022).




The study was carried out on twelve equal-sized plots. The experiment featured four treatment groups: MS1 - Fertilized soybean-maize rotation, MS0 - Non-fertilized soybean-maize rotation, SS1 - Fertilized continuous soybean cultivation, and SS0 - Non-fertilized continuous soybean cultivation. The treatments were replicated three times. Each experimental plot covered an area of 630 m2. The crops within each sub-plot were planted in 24 rows (MS1 or MS0: maize, 12 rows; soybean, 12 rows), with each row spanning 65 cm and a row spacing of 60 cm. 
Figure 2
 shows the planting distribution. The soybean planting density was 200,000 plants per hectare. The soybean population in the rotation trial field was 6,300, while that in the continuous monoculture trial field was 12,600 plants. The planting density of maize was 55,000 plants per hectare. The maize plant population in each trial field was ~1,733 plants. Two nitrogen (N) application levels were employed: 0 kg N ha-1 and 60 kg N ha-1. Additionally, phosphorus (P) and potassium (K) fertilizers were applied at rates of 75 kg P2O5 ha-1 and K2O ha-1, respectively. Pest and disease control, and intertillage weeding remained consistent each year.


[image: Diagram comparing maize-soybean rotation and soybean continuous cropping from 2020 to 2022. The rotation has 12 maize and soybean rows switching yearly. Continuous cropping shows 24 soybean rows each year. Below, a field layout distinguishes plots by codes (SS0, MS0, SS1, MS1) with dimensions 15m by 42m. On the right, row spacing shown as 65cm for maize and 60cm for soybeans. Yield for maize is 5.5 to 6.0 weight per hectare and soybean is 20.0 to 22.0 weight per hectare.]
Figure 2 | 
Planting distribution map. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation.








2.2 Sample collection and analysis


For three consecutive years, soil samples were collected from the 0–20 cm plow layer of soybean fields during the soybean maturity stage, while no sampling was conducted in the maize fields. Three sampling points were established within each plot, using the soil augering method. Fresh soil specimens were extracted in situ from the 0–20 cm soil depth on the ridges. These were homogenized thoroughly before being placed in ice chests. Subsequently, extraneous elements such as stones and vegetative residues were removed. A portion of the soil samples was air-dried and reserved for chemical analysis, while another fraction, designated for the quantification of microbial biomass and enzymatic activity, was stored in a refrigerator at -80°C. Prior to harvest, the plant height, stem diameter, and node number of 10 consecutive soybean plants were measured. Additionally, three random sampling areas of 10 m² each were selected from each mature soybean field for manual harvesting. After threshing, the grain weight was measured and subsequently converted into yield per hectare based on the harvested area.


Soil total nitrogen (TN) was determined using the Kjeldahl method for digestion (Te et al., 2022), followed by filtration through a 0.45 μm PES membrane. A continuous flow analyzer (AA3, AutoAnalyzer 3, Technicon, Windows/NT) was used for analysis. Soil inorganic nitrogen (TIN), ammonium nitrogen (AN), and nitrate nitrogen (NN) were extracted with 2 mol L-1 CaCl2, shaken at 180 rpm for 60 min, allowed to settle for 30 min, and then subjected to AA3 analysis (Neels et al., 2024). Soil alkali hydrolyzable nitrogen (AAN) and acid hydrolyzable nitrogen (AHN) were determined using the alkaline diffusion method (Zhang et al., 2019; Hou et al., 2023). Total organic nitrogen (TON), light fraction organic nitrogen (LON), and heavy fraction organic nitrogen (RON) were quantified using the semi-micro Kjeldahl method (Dou et al., 2017).


The soil pH and electrical conductivity (EC) values were extracted from the soil-water mixture at a ratio of 5:1. The pH was subsequently measured using a pH meter (pH-100A, 100-2000rpm, LICHEN, Shanghai, CN), while the EC was determined using a conductivity meter (DDSJ-11A-307, YUEPING, Shanghai, CN). For the analysis of total potassium (TK) and total phosphorus (TP) components in the soil, a digestion method involving concentrated perchloric acid and sulfuric acid was employed. The digested solution was filtered through a 0.45 μm PES membrane, and the content was quantified using flame photometry (FP6400, INESA, Shanghai, CN) and the AA3 analyzer, respectively. The readily available phosphorus (AP) component in the soil was extracted using a sodium bicarbonate solution. The extraction process involved shaking at 180 rpm per minute for 2 h, followed by a 30 min settling period. After filtration through a 0.45 μm PES membrane, the concentration of AP was measured using the AA3 analyzer. Similarly, the available potassium (AK) component in the soil was extracted using an ammonium acetate solution, involving shaking at 180 rpm for 2 h, followed by a 30 min settling period. After filtration through a 0.45 μm PES membrane, the concentration of AK was determined using flame photometry (fp6400, INESA, Shanghai, CN). The soil’s organic matter content was determined using the potassium dichromate volumetric method combined with the dilution-heat approach (Zhang et al., 2024).






2.3 Determination of enzymatic activities related to soil nitrogen transformation


Soil urease (SU) activity was assayed using the urease colorimetric method with urea as the substrate. The soil sample was incubated in a C6H8O7 buffer solution (37°C,pH 6.7) for 24 h, and measured at 578 nm using a spectrophotometer (Lee et al., 2021). Soil protease (SP) activity was determined using the casein colorimetric method. The soil sample was incubated in a phosphate buffer solution (37°C, pH 5.5) for 24 h, and read at 650 nm using a spectrophotometer. Soil nitrate reductase (SNR) activity was assessed through anaerobic cultivation followed by the phenol-sulfuric acid colorimetric method. The soil sample was incubated in a glucose buffer solution (30°C, pH 7.0) for 24 h, followed by a spectrophotometric study at 400–500 nm (Deiglmayr et al., 2006).






2.4 PCR amplification and high-throughput sequencing


Total genomic DNA from soil microbial communities was extracted according to the instructions of the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.). The quality of the extracted genomic DNA was assessed using 1% agarose gel electrophoresis, while DNA concentration and purity were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, U.S.). For the amplification of bacterial 16S rRNA gene fragments corresponding to the V3-V4 region, the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) were employed. In the case of fungal 18S rRNA gene amplification targeting the ITS1 region, the primers ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2 (5’-GCTGCGTTTCTTTCATCGATGC-3’) were utilized. Following the amplification, the PCR products were purified, quantified, and standardized to generate sequencing libraries. The 16S rRNA gene libraries were prepared as paired-end (PE) 2 × 300, while the 18S rRNA gene libraries were prepared as PE 2 × 250. The constructed libraries were subjected to rigorous quality control. Subsequently, the qualified libraries were subjected to sequencing on the Illumina NovaSeq 6000 platform (Hou et al., 2023). The registration number for this biological project is MJ20221021156-MJ-M-20221024089.






2.5 Statistical analysis


Statistical analysis was performed using SPSS 22.0 software. The effects of planting patterns and fertilization on soybean agronomic traits, yield, soil chemical properties, and enzyme activities were evaluated using two-way analysis of variance (ANOVA). To assess the primary effects of fertilization, growth stages, and their interactions on soil nitrogen forms and enzymatic activity, a bidirectional analysis of variance was employed. Pearson correlation tests were carried out to evaluate the relationships between microbial modules, enzymes, relative abundances of nitrogen forms, and the physicochemical properties of the soil along with enzyme activity.


Beta diversity analysis based on the Bray-Curtis dissimilarity coefficient and PCA analysis was used to compare the similarity of species community diversity among different samples. A co-occurrence network model at the genus level was established for continuous and rotational soil microbial communities, comparing the interactions between soil microbial communities under different cultivation modes.


Visual analysis of microbial ecological networks and topological indices were performed using Gephi software (version 0.9.6). The following topological indices were used to describe the nodes and connecting lines in the network 1) the number of connecting lines of a node, which is the number of all connecting lines connected to each node; 2) the median centrality of a node, which is the node located on the shortest path between two nodes, calculated as in the Equation 1; 3) the topological coefficient of a node, which embodies the proximity of the nodes and is expressed by the Equation 2; 4) the connecting line weights, which reflect the number of connections between a particular OTU node and the sample node; 5) the connecting line centrality, a parameter that shows the importance of each connecting line in the information transfer process of the whole network.
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Structural equation modeling (SEM) analysis was conducted using the dplyr, linkET, ggplot2, and plspm packages in R version 4.3.1 (https://www.r-project.org/) to explore the direct or indirect effects of crop rotation and nitrogen fertilization on soil microbial communities. Three indices—Comparative Fit Index (CFI), Root Mean Square Error of Approximation (RMSEA), and Standardized Root Mean Square Residual (SRMR)—were selected to evaluate the goodness-of-fit of the structural equation model.







3 Results





3.1 Agronomic traits and yield of soybean


Different cropping patterns and nitrogen fertilizer inputs exerted significant impacts on soybean stem diameter, plant height, number of nodes, grain weight per plant, 100-grain weight, and overall yield (
Table 1
). During 2020-2022, under continuous cropping treatments, all measured indicators consistently demonstrated SS1 > SS0, with an average increase of 25.76%, 18.39%, 5.54%, 54.09%, 8.89%, and 28.73%, respectively. Similarly, in rotation cropping treatments over the same period, all indicators exhibited an upward trend, consistently showing MS1 > MS0, with an average increase of 15.5%, 11.91%, 9.51%, 28.23%, 6.77%, and 22.74%, respectively. Compared to the SS0 treatment, the MS0 treatment resulted in an average reduction of 1.65% in the number of nodes, while other indicators rose by 11.06%, 10.12%, 23.22%, 3.27%, and 12.08%, respectively. The stem diameter, plant height, 100-grain weight, and yield exhibited a decreasing trend with increasing years of continuous cropping. Contrarily, in rotation treatments, the number of nodes, 100-grain weight, and yield demonstrated an increasing trend. Two-way ANOVA revealed that both cropping pattern and nitrogen fertilizer input significantly correlated with stem diameter, plant height, grain weight per plant, and yield. Fertilization emerged as the primary factor impacting soybean yield, with long-term continuous cropping exerting detrimental effects. Comparisons between MS0 or SM0 treatments and SS0 treatments indicated that rotation effectively enhanced soybean yield, while also improving agronomic traits and increasing yield components.



Table 1 | 
Changes in agronomic traits and yield of soybean under different treatments from 2020 to 2022 (n=30).





	Years

	Treatment

	Stem diameter (mm)

	Height (cm)

	Number of nodes

	Total grain weight (g)

	100-grain weight (g)

	Yield (kg ha-1)






	2020
	MS1
	7.38 ± 0.56 ab
	87.63 ± 4.67 a
	15.00 ± 0.15 b
	156.36 ± 8.69 a
	18.63 ± 1.01 ab
	2894.44 ± 82.21a



	MS0
	6.90 ± 0.44 c
	75.99 ± 5.12 c
	14.00 ± 1.25 c
	114.95 ± 6.90 c
	17.13 ± 1.01 c
	2380.11 ± 64.38 c



	SS1
	7.85 ± 0.34 a
	83.32 ± 2.98 b
	15.00 ± 0.35 b
	152.19 ± 2.40 a
	18.81 ± 0.52 a
	2777.78 ± 107.15b



	SS0
	6.49 ± 0.59 d
	63.55 ± 4.09 d
	15.00 ± 0.46 a
	114.86 ± 6.09 c
	16.11 ± 3.39 d
	2150.00 ± 180.28d



	2021
	MS1
	7.89 ± 0.13 a
	84.49 ± 0.93 a
	16.00 ± 0.25 a
	157.13 ± 8.67 a
	18.67 ± 1.27 a
	2912.67 ± 146.71a



	MS0
	6.50 ± 0.53 d
	76.45 ± 5.96 c
	15.00 ± 0.57 bc
	122.80 ± 6.96 d
	17.50 ± 0.40 cd
	2381.67 ± 154.95d



	SS1
	7.47 ± 0.53 b
	82.03 ± 2.37 b
	15.00 ± 0.89 b
	153.77 ± 3.17 b
	18.20 ± 1.14 b
	2737.33 ± 6.66 b



	SS0
	5.80 ± 0.47 e
	73.02 ± 1.63 c
	14.00 ± 1.03 c
	93.23 ± 4.67 e
	17.37 ± 0.35 d
	2129.00 ± 93.92 d



	2022
	MS1
	7.83 ± 0.52 a
	84.58 ± 9.38 a
	17.00 ± 1.25 a
	150.69 ± 7.24 a
	18.68 ± 1.19 a
	2983.33 ± 236.29a



	MS0
	6.63 ± 0.13 d
	76.97 ± 1.18 c
	15.00 ± 0.31 d
	124.83 ± 1.21 c
	17.62 ± 0.39 c
	2400.00 ± 132.29c



	SS1
	7.35 ± 0.66 b
	81.03 ± 2.92 b
	16.00 ± 0.72 b
	149.25 ± 5.74 a
	18.04 ± 1.05 b
	2711.07 ± 19.25 b



	SS0
	5.77 ± 0.28 e
	72.55 ± 1.63 d
	14.00 ± 1.02 d
	90.54 ± 9.05 d
	17.16 ± 0.31 d
	2111.11 ± 67.36 d



	Two-factor analysis of variance (F-value)




	C
	17.09**
	29.57**
	1.11
	29.97**
	8.99*
	422.19**



	N
	29.06**
	22.17**
	4.26*
	50.26**
	17.71**
	489.83**



	C×N
	10.59**
	9.79*
	0.05
	22.29**
	3.44
	97.57**







Statistically significant differences (P < 0.05) between the two treatments are denoted by distinct letters (a, b, c). MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation. C: cropping pattern, N: Nitrogen fertilizer input. * represents P < 0.05, ** represents P < 0.01.








3.2 Fundamental physicochemical characteristics of soil


From 2020 to 2022, except for TP, crop rotation regimen outcomes differed significantly (P < 0.05) from those of the SS1 and SS0 treatments (
Table 2
). When compared to continuous monoculture, soil pH and SOM demonstrated augmentation in the crop rotation systems, exhibiting increments of 0.48% to 14.31% and 20.33% to 77.36%, respectively. Conversely, EC, TK, AP, and AK constituents experienced a reduction. It is noteworthy that despite the amplified soil pH and SOM under crop rotation practices, the introduction of fertilizers interrupted this growth trend. Furthermore, increased fertilizer application exacerbated the inhibitory impact. Within the continuous monoculture approach, soil EC, AP, and AK showed a propensity for post-fertilization augmentation. The two-way ANOVA reflected that cropping pattern, and nitrogen fertilizer input exhibited highly significant correlations with EC, SOM, AP, and AK. Their interactions also demonstrated highly significant correlations with EC, SOM, and AP (P < 0.01), and a significant correlation with TP (P < 0.05). Overall, nitrogen-based fertilizers application led to a decline in soil pH, SOM, TP, and TK, regardless of the duration of the crop rotation cycle, while concurrently fostering a rise in EC, AP, and AK.



Table 2 | 
Changes in soil physicochemical parameters under different treatments from 2020 to 2022 (n=3).





	Years

	Treatment

	pH

	EC

	SOM

	TP

	TK

	AP

	AK




	(μS cm-1)

	(g kg-1)

	(g kg-1)

	(g kg-1)

	(mg kg-1)

	(mg kg-1)






	2020
	MS1
	6.76 ± 0.31 b
	40.29 ± 3.00 a
	37.25 ± 0.33 b
	0.82 ± 0.11 c
	6.28 ± 0.02 c
	37.54 ± 0.85 b
	55.06 ± 1.79 c



	MS0
	6.94 ± 0.02 a
	13.98 ± 0.35 c
	46.23 ± 3.39 a
	1.05 ± 0.14 a
	6.98 ± 0.01 b
	15.36 ± 0.38 c
	44.25 ± 1.67 d



	SS1
	6.29 ± 0.06 d
	42.98 ± 4.92 a
	28.16 ± 1.14 c
	1.00 ± 0.05 b
	7.20 ± 0.02 a
	83.45 ± 0.93 a
	97.01 ± 1.59 a



	SS0
	6.44 ± 0.03 c
	12.28 ± 1.22 c
	26.64 ± 0.81 c
	0.98 ± 0.01 b
	7.18 ± 0.07 a
	19.61 ± 1.43 c
	76.29 ± 0.23 b



	2021
	MS1
	6.78 ± 0.08 b
	39.73 ± 1.60 a
	33.44 ± 5.12 c
	0.93 ± 0.11 c
	6.44 ± 0.02 c
	48.73 ± 1.85 b
	56.37 ± 3.07 c



	MS0
	7.03 ± 0.03 a
	17.57 ± 1.38 c
	40.30 ± 6.73 a
	1.07 ± 0.05 a
	6.71 ± 0.08 b
	17.37 ± 0.59 d
	35.53 ± 3.40 d



	SS1
	6.28 ± 0.06 d
	42.77 ± 4.92 a
	27.95 ± 1.14 d
	0.99 ± 0.05 b
	6.99 ± 0.02 a
	73.56 ± 0.42 a
	103.80 ± 2.31 a



	SS0
	6.52 ± 0.03 c
	14.32 ± 0.92 c
	29.19 ± 0.69 d
	0.96 ± 0.01 b
	7.06 ± 0.07 a
	17.15 ± 0.73 d
	82.83 ± 3.01 b



	2022
	MS1
	6.18 ± 0.01 c
	32.93 ± 3.36 b
	35.19 ± 6.06 b
	1.03 ± 0.01 b
	6.53 ± 0.06 bc
	40.55 ± 1.82 b
	61.67 ± 0.47 b



	MS0
	6.86 ± 0.03 a
	12.53 ± 0.80 c
	47.25 ± 3.98 a
	1.17 ± 0.06 a
	6.41 ± 0.17 c
	19.67 ± 2.71 c
	34.23 ± 0.67 c



	SS1
	6.15 ± 0.03 c
	51.17 ± 2.17 a
	36.44 ± 1.49 c
	1.02 ± 0.02 b
	6.93 ± 0.03 ab
	72.62 ± 0.88 a
	93.66 ± 5.40 a



	SS0
	6.34 ± 0.13 b
	17.28 ± 4.16 c
	39.45 ± 1.21 c
	1.05 ± 0.01 ab
	7.09 ± 0.03 a
	12.63 ± 0.93 d
	91.93 ± 0.38 a



	Two-factor analysis of variance (F-value)




	C
	1.79
	8.79**
	255.58**
	2.37
	13.57**
	141.99**
	87.93**



	N
	0.32
	408.53**
	28.42**
	0.69
	2.71
	924.88**
	14.47**



	C×N
	0.03
	9.92**
	23.54**
	4.21*
	3.29
	159.71**
	0.22







Statistically significant differences (P < 0.05) between the two treatments are denoted by distinct letters (a, b, c). SOM, organic matter; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation. C: cropping pattern, N: Nitrogen fertilizer input. * represents P < 0.05, ** represents P < 0.01.








3.3 Transformation of various nitrogen forms in soil




Figure 3
 depicts that crop rotation increases soil TN content as compared to continuous cropping, with the effect being more pronounced on the increase in TIN content. In the comparison between MS1 and SS0 treatments, MS1 exhibited a substantial rise of 273.43% in TIN content. In the crop rotation treatments, as nitrogen application rates increased, both soil TN and TON content gradually rose, while TIN content progressively declined. Crop rotation also enhances the content of LON. Specifically, the MS0 treatment presented the highest LON content, outperforming MS1 and SS0 by 31.98% and 108.34% respectively. Among the crop rotation treatments, MS1 accounted for 36.79% of the LON proportion, while MS0 and SS0 constituted 28.60% and 17.30% of the total, respectively. MS1 and SS1 treatments had significantly higher AAN content than the others. This implied a close relationship between soil AAN content and nitrogen application rates. Across all treatments, AHN, NN, and AN constituted 68.53%-87.04%, 8.35%-16.47%, and 2.16%-15.03% of AAN, respectively. Notably, crop rotation resulted in an 11.45% lower proportion of AHN compared to continuous cropping. Contrarily, NN and AN proportions were higher by 3.87% and 7.58%, respectively.


[image: Nine bar graphs labeled a to i compare nitrogen-related metrics in g/kg or mg/kg across four samples: MS1 (red), MS0 (yellow), SS1 (blue), and SS0 (green). Each graph features significant differences marked by asterisks. Metrics include TN, TON, TIN, RON, LON, AAN, AN, NN, and AHN.]
Figure 3 | 
Variations in different nitrogen forms (n=9). For each treatment, We fitted the data for 2020-2022, and for consistency across treatments, the two treatments in the rotation are represented equally by MS1 and MS0. The standard deviations of the three replicates are represented by error bars, while asterisk denote significant differences between treatments (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). (A) TN, total nitrogen; (B) TON, total organic nitrogen; (C) TIN, total inorganic nitrogen; (D) RON, heavy fraction organic nitrogen; (E) LON, light fraction organic nitrogen; (F) AAN, alkali hydrolyzable nitrogen; (G) AHN, acid hydrolyzable nitrogen; (H) AN, ammonium nitrogen; and (I) NN, nitrate nitrogen. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation.




Reduced nitrogen application rates across all treatments corresponded to an increase in AHN proportion and a decrease in NN and AN proportions. From the aforementioned analysis, it is evident that compared to SS0, crop rotation significantly enhanced the content of LIN, LON, AAN, NN, and AN in the soil. Furthermore, with an increase in the number of years of crop rotation, these components displayed an ascending trend. During the soybean maturation stage, nitrogen fertilizer application notably augmented AAN content. It is worth noting that both nitrogen application rates and years of cultivation exhibited interactive effects on the transformation of soil nitrogen forms.






3.4 Changes in key enzyme activities during the nitrogen conversion process


The activities of three enzymes pertinent to the nitrogen cycle exhibited pronounced disparities between distinct cultivation methodologies with or without nitrogen fertilization treatments (
Table 3
). In comparison to the N0 treatment, both SU and SP activities were elevated by 3.95% to 29.64% and 38.82% to 76.83%, respectively, under the rotational cropping regimen. Meanwhile, the SNR of the rotational cropping regimen exhibited a reduction of 17.41% to 51.86% in relation to the SS0 treatment. Concurrent with the augmentation of nitrogen levels, analogous patterns of enzymatic activity alterations were observed for both rotational and continuous cropping approaches. In the former, the activities of SU and SNR rose, with increments of 19.79% and 41.72% respectively in MS1 compared to MS0, and increments of 4.07% and 23.56% respectively in SS1 compared to SS0. Conversely, the activity of SP declined, with reductions of 21.50% in MS1 compared to MS0 and 7.84% in SS1 compared to SS0. Comparing the years 2020 and 2022, rotational cropping showcased an incremental and steady rise in SR and SP activities, alongside a reduction in SNR activity. In contrast, the continuous cropping approach demonstrated an opposing trend in the alteration of SU, SP, and SNR activities. Notably, the interplay between nitrogen application rates and years of cultivation exerts a mutual influence on key soil enzymatic activities across all treatments. The two-way ANOVA showed that both cropping pattern and nitrogen fertilizer input exhibited highly significant correlations with the activities of all three enzymes. Albeitinteractions, a highly significant correlation was observed with SU (P < 0.01), a significant correlation with SP (P < 0.05), but no significant correlation with SNR (P > 0.05).



Table 3 | 
Activities of key enzymes involved in nitrogen transformation processes during 2020-2022 (n=3).





	Years

	Treatment

	SU

	SP

	SNR




	mg g-1 d-1


	mg g-1 d-1


	μm g-1 d-1







	2020
	MS1
	4.32 ± 0.08 a
	54.14 ± 3.18 b
	9.18 ± 0.18 c



	MS0
	3.57 ± 0.05 bc
	64.23 ± 3.78 a
	6.23 ± 0.08 d



	SS1
	3.65 ± 0.04 bc
	29.65 ± 0.24 c
	13.71 ± 0.47 a



	SS0
	3.49 ± 0.02 c
	32.84 ± 0.96 c
	11.17 ± 0.67 b



	2021
	MS1
	4.53 ± 0.08 a
	55.68 ± 1.08 b
	6.56 ± 0.06 bc



	MS0
	3.59 ± 0.06 b
	70.94 ± 0.87 a
	3.21 ± 0.03 d



	SS1
	3.61 ± 0.02 b
	33.68 ± 0.09 c
	10.46 ± 0.32 a



	SS0
	3.46 ± 0.04 b
	37.89 ± 1.01 c
	8.06 ± 0.07 b



	2022
	MS1
	4.59 ± 0.08 a
	43.24 ± 1.44 b
	5.81 ± 0.02 b



	MS0
	3.62 ± 0.05 b
	59.80 ± 0.96 a
	3.12 ± 0.05 c



	SS1
	3.55 ± 0.05 b
	38.29 ± 0.07 b
	9.96 ± 0.11 a



	SS0
	3.42 ± 0.08 b
	39.53 ± 0.74 b
	6.86 ± 0.05 b



	Two-factor analysis of variance (F-value)




	C
	494.25**
	207.88**
	58.05**



	N
	507.06**
	28.65**
	24.68**



	C×N
	222.22**
	12.41*
	0.08







SU: urease: SP: protease; and SNR: nitrate reductase. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation. C: cropping pattern, N: Nitrogen fertilizer input. * represents P < 0.05, ** represents P < 0.01.








3.5 Changes in soil microbial communities





3.5.1 Composition of the bacterial and fungal communities




Figure 4
 shows the histograms of the horizontal distribution of the detected microbial communities under different treatments (). Among them, Sphingomonas, Candidatus_Solibacter, Bradyrhizobium, Gemmatimonas, Rhodanobacter and Bryobacter were the dominant genera in bacteria. Their total relative abundance accounted for 14.54%-19.49% of the total. Among fungi, Chaetomium, Mrakia, Heterocephalacria, Scedosporium and Fusarium were the dominant genera with a total relative abundance of 41.39-64.83%.


[image: Bar charts depict soil bacteria and fungus community abundance from 2020 to 2022. Charts (a), (b), and (c) show bacterial genera percentages, while (d), (e), and (f) present fungal genera. Each chart includes a color-coded legend for specific genera.]
Figure 4 | 
A comparative assessment of the relative abundance of microbial genus in soil, in light of divergent agronomic systems (n=3) during the years 2020 to 2022. (A-C) represent soil bacterial communities from 2020 to 2022, while (D-F) depict soil fungal communities. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation.




The relative abundance of Sphingomonas showed a decreasing trend with increasing planting years in the continuous treatments (SS1 and SS0), decreasing by an average of 14.19% up to 2022; Candidatus_Solibacter, Bradyrhizobium, Gemmatimonas, Rhodanobacter and Bryobacter (
Figures 4A-C
). gradually increased in relative abundance with an average of 25.57%, 3.39%, 25.88%, 129.35% and 55.96% up to 2022. The changes in bacterial dominant genera in the rotational treatments (MS1, MS0) were different from those in the continuous treatments. Candidatus_Solibacter, Rhodanobacter and Bryobacter were reduced by an average of 19.56, 47.3 and 53.85%, respectively. Sphingomonas, Bradyrhizobium and Gemmatimonas increased their relative abundance by 21.13%, 22.46% and 2.68%, respectively. Bacterial genera increased by 3.5%, 42.23%, 20.41%, 31.55% and 12.08% in the post-rotation fertilizer treatments except Candidatus_Solibacter, which decreased by 24.82%.


The relative abundance of Chaetomium, Scedosporium and Fusarium in the continuous treatments showed an incremental trend with increasing planting years (
Figures 4D-F
), with an average increase of 14.55%, 11.71% and 47.52% by 2022, while the relative abundance of Mrakia, Heterocephalacria showed a gradual decrease in relative abundance, with an average decrease of 11.24%. The changes in the dominant fungal genera in the rotational treatments (MS1 and MS0) were different from those in the continuous treatments, in which the relative abundance of Mrakia showed a gradual increase, with an average increase of 33.26% by 2022, and the relative abundance of Chaetomium, Heterocephalacria, Scedosporium and Fusarium showed a gradual decrease, with an average decrease of 62.47% by 2022. 2022 with an average decrease of 62.47%, 11.53%, 14.86% and 5.68% respectively. Chaetomium and Fusarium decreased by 32.49% and 25.63% respectively, while the remaining genera increased by 6.82%, 20.63% and 3.37% respectively, after crop rotation.


From the above analyses, it is clear that rotation was effective in increasing the relative abundance of Gemmatimonas, Rhodanobacter and Mrakia compared to the continuous treatment. Rotation suppressed the accumulation of Bradyrhizobium, Chaetomium, Fusarium, and fertilization was more effective in suppressing these two fungal genera.






3.5.2 PCA analysis of bacteria and fungi


During2020- 2022, at the bacterial phylum level (97% similarity), PCA revealed an average explanatory rate of 42.89% for the firstPC1) and 32.28% for the second PC2 (
Figure 5
; 
Supplementary Table S2
). In the crop rotation treatments, namely MS0, MS1, SS1, and SS0, clear differentiation was observed for both PC1 and PC2. AAN, TON, RON, and NN displayed significant contributions to PC1, with rates of 82.16%, 52.95%, 51.32%, and 42.46%, respectively. AN and AK demonstrated notable contributions to the PC2, with rates of 77.64% and 61.92% respectively. SU and SP were aligned with the direction of MS1 treatments, highlighting the substantial influence of their magnitudes on the soil bacterial community in these two treatments.


[image: Principal Component Analysis (PCA) biplots showing bacterial and fungal community compositions for 2020, 2021, and 2022. Panels (a) to (c) depict bacterial data, while panels (d) to (f) show fungal data. Each plot includes vectors representing environmental variables, with different colored dots indicating management sites MS1, MS0, SS1, and SS0. Axes are labeled with PC1 and PC2, indicating percentage variance explained. Statistical values \(R^2\) and \(P<0.01\) are provided for each plot.]
Figure 5 | 
The PCA plot illustrating the Bray-Curtis distances based on OTUs (operational taxonomic units) of bacterial (A-C) and fungal (D-F) communities in soil across four experimental groups during the 2020–2022 period. The plot’s uppercase letters and red arrows represent environmental factors. MS1: Fertilized soybean-maize rotation, MS0: Non-fertilized soybean-maize rotation, SS1: Fertilized continuous soybean cultivation, and SS0: Non-fertilized continuous soybean cultivation. SOM, organic matter; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; TN, total nitrogen; TON, total organic nitrogen; TIN, total inorganic nitrogen; RON, heavy fraction organic nitrogen; LON, light fraction organic nitrogen; AAN, alkali hydrolyzable nitrogen; AHN, acid hydrolyzable nitrogen; AN, ammonium nitrogen; NN, nitrate nitrogen. SU: urease: SP: protease; and SNR: nitrate reductase.




Turning attention to the fungal community analysis under varying treatments, for the years 2020 through 2022, the Beta diversity analysis demonstrated an average explanatory rate of 40.42% for the PC1 and 34.65% for the PC2. As seen in bacterial communities, the varying treatments viz. MS0, MS1, SS1, and SS0 exhibited substantial differences in fungal populations. Notably, ANN and NN made notable contributions to the PC1, with rates of 65.26% and 51.92% respectively, while AK demonstrated a significant contribution of 71.62% to the PC2. Soil attributes SU, SP, and SNR did not significantly impact the variations in fungal communities across the crop rotation treatments.






3.5.3 Co-occurrence networks and ecological assemblages of bacteria and fungi


This compilation was used to elucidate the interrelations among soil microbial communities under varying cultivation practices (
Figure 6
; 
Table 4
). Crop rotation resulted in a reduction in soil microbial nodes as well as an increase in edge numbers. This implied reduced microbial diversity in crop-associated soil following crop rotation. However, interrelationships among different microbial phyla are complex. A comparison of microbial proportions between continuous cropping and crop rotation for the same year revealed that bacterial prevalence exceeded fungal prevalence in all treatments. Notably, crop rotation increased the proportion of bacteria, with a magnitude ranging between 1.75% and 9.86%. The positive correlations outweighed negative correlations in all treatments, with an average proportion of 55.15% and 44.85%, respectively. The crop rotation induced an augmentation in the proportion of positive correlations, with an increase ranging from 0.56% to 3.48%. The crop rotation treatments outperformed continuous cropping treatments in terms of average degree, average weighted degree, average clustering coefficient, and modularity. This pattern indicated that the interconnectivity among network nodes was stronger within the crop rotation treatments, featuring a more intricate and abundant web of connections. Nevertheless, both crop rotation and continuous cropping treatments showed an upward increase in node numbers, fungal proportions, edge numbers, negative correlation proportions, average degree, average weighted degree, and average clustering coefficient as planting years progressed.


[image: Six circular network diagrams labeled (a) to (f) depict interactions among yellow circles representing bacteria and green circles indicating fungi. Red lines show positive interactions, while blue lines represent negative interactions. Each diagram varies in the pattern and density of connections illustrating different network structures.]
Figure 6 | 
Co-occurrence networks of soil microbial communities, sculpted by the exquisite dance of correlation. (A-C) represent soil bacterial communities, while (D-F) depict soil fungal communities from 2020 to 2022. Within this intricate tapestry, each circle symbolizes a distinct biological entity, an embodiment of species diversity. The dimensions of these circles represent the tapestry’s complex weaving of species’ relative abundances. Interwoven between these circlets, filaments of connection manifest as slender bridges, indicating intricate relationships between pairs of organisms. The girth of these filaments signifies their interdependence.





Table 4 | 
Topological property index of soil microbial co-occurrence networks.





	Treatment

	Node

	Bacteria (%)

	Fungus (%)

	Edge

	Positive (%)

	Negative (%)

	Average degree

	Average weighting

	Cluster coefficient

	Modularity






	2020
	SS
	414
	70.62
	29.38
	3333
	53.17
	46.83
	640.88
	160.22
	0.53
	4.15



	MS
	409
	72.37
	27.63
	3562
	55.44
	44.56
	652.59
	163.15
	0.56
	4.29



	2021
	SS
	426
	69.01
	30.99
	3679
	55.56
	44.44
	758.39
	189.6
	0.61
	4.77



	MS
	424
	78.87
	21.13
	4121
	56.12
	43.88
	764.22
	191.06
	0.64
	4.92



	2022
	SS
	440
	57.59
	42.41
	3661
	53.56
	46.44
	814.37
	253.59
	0.78
	5.84



	MS
	437
	59.79
	40.21
	4317
	57.04
	42.96
	817.42
	254.36
	0.81
	5.99







Continuous soybean cropping (SS) versus soybean-maize rotation (MS). MS, soybean-maize rotation; SS, continuous soybean cultivation.








3.5.4 Correlation analysis between soil microbial communities and soil environmental factors




Figure 7
 shows the correlation thermograms of genus-level diversity of soil microbial communities in each treatment. It revealed that Arthrobacter was significantly negatively correlated with soil pH. Candidatus_Solibacter was highly significantly negatively correlated with soil EC.Bryobacter was positively correlated with AN and significantly positively correlated with LON.Gemmatimonas and Rhodanobacter showed a highly significant positive correlation with AAN and a significant positive correlation with NN. Sporosarcina also promoted the increase of soil AAN, but Sphingomonas and Candidatus_Solibacter showed a significant negative correlation with AAN. Bradyrhizobium showed a highly significant positive correlation with TK. Blastococcus showed a highly significant negative correlation with AP and a significant negative correlation with soil TP, TK, EC, TON and NN. SU was highly significantly positively correlated with Rhodanobacter and Gemmatimonas and significantly negatively correlated with Blastococcus and Candidatus_Solibacter. Bryobacter was highly significantly positively correlated with SP activity and highly significantly negatively correlated with SNR.


[image: Six heatmaps labeled (a) to (f) display microbiome data, with the top row showing soil bacteria and the bottom row soil fungi. Blue to red color gradients indicate data values from negative to positive. Each map has hierarchical clustering dendrograms for rows and columns, representing bacterial or fungal taxa along with different sampling conditions. A color scale bar on the right shows the gradient range from -1 (blue) to 1 (red).]
Figure 7 | 
Heat map of genus-level diversity of soil microbial communities in relation to environmental factors, red represents positive correlation, blue represents negative correlation; * represents P < 0.05, ** represents P < 0.01, *** represents P < 0.001. (A-C) represent soil bacterial communities while (D-F) depict soil fungal communities from 2020 to 2022. SOM, organic matter; TP, total phosphorus; TK, total potassium; AP, available phosphorus; AK, available potassium; TN, total nitrogen; TON, total organic nitrogen; TIN, total inorganic nitrogen; RON, heavy fraction organic nitrogen; LON, light fraction organic nitrogen; AAN, alkali hydrolyzable nitrogen; AHN, acid hydrolyzable nitrogen; AN, ammonium nitrogen; NN, nitrate nitrogen. SU: urease, SP: protease, and SNR: nitrate reductase.




For fungi (
Figures 7D, E
), Mrakia showed a highly significant positive correlation with soil pH and a significant positive correlation with soil SOM, AN and LON. Heterocephalacria showed a significant negative correlation with soil TP. Fusarium showed a highly significant negative correlation with NN and a significant negative correlation with AP and EC values. Chaetomium showed a significant negative correlation with soil TN. SU was significantly negatively correlated with Fusarium. Mrakia was significantly positively correlated with SP activity and negatively correlated with SNR activity.


From the above analyses, it can be concluded that Gemmatimonas, Rhodanobacter and Mrakia can effectively increase soil nitrogen content. These exhibit a reciprocal role with soil urease and protease activities, which in turn promote nitrification and ammonification, but are negatively correlated with the key denitrification enzyme nitrate reductase and reduce soil nitrogen loss. Blastococcus and Fusarium, on the other hand, had a limiting effect on soil nitrogen accumulation and soil nitrification and ammonification, and were positively correlated with nitrate reductase, the key denitrification enzyme, increasing soil nitrogen loss.






3.5.5 Analysis of functional factors of soil microbial community based on the structural equation model


The analysis results of the structural equation model (SEM) are presented in 
Figure 8
. It indicated that both crop rotation and fertilization could significantly enhance soil TIN and TON, ranging from 32.11% to 57.02% (P < 0.05). The rhizospheric influence of nitrogen components was identified as the primary driving factor for soil microbial abundance. Crop rotation exerted a positive effect on the bacterial community composition and a negative effect on the fungal community composition. Interestingly, fertilizer addition showed the opposite pattern, with a negative effect on the former and a positive effect on the latter. Soil inorganic nitrogen content demonstrated a positive effect on bacterial community richness but a negative effect on fungal community richness, significantly impacting both fungal and bacterial community diversities. Soil organic nitrogen had a favorable influence on bacterial and fungal community richness, with a greater impact on bacteria than fungi. However, it had a deleterious impact on the diversity of both fungal and bacterial communities, with bacteria being affected more than fungi.


[image: Flowchart illustrating relationships between environmental variables, bacterial and fungal community composition, and their functions. Variables include crop rotation, nitrogen, TIN (Total Inorganic Nitrogen), and TON (Total Organic Nitrogen). Arrows indicate influence directions with numerical coefficients, representing the strength of relationships. Red arrows show positive relationships, while blue arrows show negative ones. Values marked with asterisks indicate statistical significance. The chart includes fit indices: CFI, RMSEA, and SRMR.]
Figure 8 | 
SEM-based functional analysis of the intricate interconnections among cultivation practices, nitrogen levels, and soil microbial communities. Red arrows indicate positive associations, while blue arrows depict negative relationships. Statistical significance is denoted by asterisks (*P < 0.05; **P < 0.01). TON, total organic nitrogen; TIN, total inorganic nitrogen.




This study underscores that different forms of nitrogen exert significantly varying impacts on the compositions of bacterial and fungal communities (P < 0.05). As the proportion of soil TON components increased, the diversity of soil bacteria and fungi decreased, leading to alterations in their community compositions. Within this study, both bacterial and fungal community compositions exhibited positive effects on their respective community functionalities. The mechanisms through which crop rotation and fertilization influence microbial communities encompass an increase in inorganic and organic nitrogen content, thereby enhancing the abundance of soil microbial communities while reducing their diversity. This alteration in the community composition consequently enhances the functionalities of these microbial communities. Therefore, in subsequent research that employs models to predict soil nitrogen cycling, accounting for the connection between nitrogen forms and soil microbial community composition becomes imperative.








4 Discussion





4.1 Long-term crop rotation and nitrogen application-induced shifts in soil nitrogen forms


Within the context of soybean-maize rotation, maize often gains a competitive edge in soil nitrogen acquisition, as its nitrogen consumption exceeds that of soybeans (Gaudin et al., 2015). This, in turn, stimulates soybean’s nitrogen fixation capacity. Sainju (2022), in their study concerning the impact of rotation on soil physicochemical properties in black calcareous soil regions, corroborated a notable decrease of 15.5% in soil total nitrogen content following crop rotation. In the current work, the rotational practice significantly lowered the soil’s total nitrogen content during the maturation phase. This phenomenon primarily arose from the mutualistic interaction between maize and soybeans. During periods of low nitrogen availability, leguminous plants’ nitrogen fixation capacity adapts to enhance fixation rather than diminish it. Consequently, soybeans transfer nitrogen to maize, strengthening the nutrient translocation that augments maize’s nitrogen nourishment and stimulates its growth (Kätterer et al., 2019).


Within this study, the soil’s post-rotation levels of acid hydrolyzable nitrogen and nitrate nitrogen were noticeably greater than those of ammonium nitrogen. This divergence can be attributed to the transformation of ammonium nitrogen into acid hydrolyzable nitrogen and nitrate nitrogen during the nitrification process. A greater disparity between acid hydrolyzable nitrogen and nitrate nitrogen leads to higher availability of nitrate nitrogen for translocation (Ding et al., 2022). Hohman et al. (2021) reported enhanced nitrate nitrogen content in soybean-maize rotation systems (Hohman et al., 2021). Unlike continuous cultivation, the extended rotation of maize and soybean substantially elevates soil total organic nitrogen levels, with light fraction organic nitrogen content exerting the greatest influence. As compared to the MS0 and SS0 treatments, long-term fertilization had a considerable influence on total organic nitrogen content. Fertilization primarily elevated soil light fraction organic nitrogen, whose concentration increased with the duration of the rotation. The order of heavy fraction organic nitrogen content across treatments was: rotation > continuous cultivation, fertilized > non-fertilized, signifying that the combination of fertilization and crop rotation can enhance heavy fraction organic nitrogen. This outcome primarily stems from the differing cultivation practices. In conventionally tilled soils, nitrogen predominantly transforms into amide nitrogen, while amino sugar nitrogen and amino acid nitrogen prevail in rotated soils (Alizadeh et al., 2017).






4.2 The prolonged practice of crop rotation and nitrogen applications alters the structure of soil microbial communities


The dynamics of soil nitrogen reflect shifts in the overall microbial population within the soil. In the context of long-term rotation between rice and soybean, the bacterial composition at the genus level remains quite similar. The relative abundance of these has been consistently higher in rotational soil compared to continuous cropping, indicating that cultivation practices have a major influence on the distribution of bacterial genera. This could be attributed to the influence of alternating crops on bacterial composition (Fan et al., 2020). Microbial community analysis via PCA and correlation analysis revealed that after rotation, Gemmatimonas, Rhodanobacter and Mrakia significantly contributed to soil nitrogen content. This contribution was intertwined with soil urease and protease activities, consequently promoting nitrification and ammonification processes within the soil. However, there was a negative correlation with the key enzyme for denitrification, nitrate reductase, thereby reducing nitrogen loss. This is because Gemmatimonas and Rhodanobacter are aerobic bacteria, soil permeability is improved after crop rotation between legumes and grasses, and these two genera fix atmospheric nitrogen under low oxygen pressure (Zhang et al., 2019). The co-occurrence network model illustrated that crop rotation increased the number of soil bacterial edges, and the interrelationships between genera tended to be complex. The soil microbial community increased in species richness with increasing crop years, and the competitive relationship between species was weakened. This is because crop rotation improves the survival environment of the dominant genera in the soil, which in turn leads to the enhancement of their symbiotic relationship and the weakening of their competitive relationship (Soman et al., 2017).


Construction of a co-occurrence network model revealed that rotation increased the edges among soil bacteria, leading to a more complex interplay among phyla. As planting years grow, soil microbial communities display increased species richness and reduced inter-species competition. This shift is due to improved survival conditions for dominant bacterial phyla post-rotation, resulting in strengthened mutualistic relationships and reduced competitive interactions (Liu et al., 2023). Rotation effectively enhances the relative abundance of Ascomycota while decreasing that of Basidiomycota. Basidiomycota, being a large and complex fungal group, includes several plant pathogens like Chaetomium and Fusarium. These pathogens, which are major drivers of soybean root rot, often increase in abundance during continuous soybean cropping, potentially elevating the incidence of crop diseases (Zhou et al., 2018).


In this study, Mrakia in the Ascomycota effectively increased soil nitrogen content while simultaneously boosting the activities of soil urease and protease enzymes. This effect can be attributed to yeast symbionts in the soil, which proliferate around plant roots. Their gelatinous secretions enhance soil structure by increasing looseness, aeration, water retention, and nutrient preservation. This, in turn, decomposes nitrogen, phosphorus, potassium, and other immobilized elements in the soil, transforming them into nutrients that plants can directly absorb and utilize. As a result, the utilization efficiency of fertilizers is enhanced (Naumova et al., 2017).






4.3 Impact of long-term crop rotation on nitrogen form transformation: insights from microbial community dynamics and enzyme activities


In this study, the pivotal species and enzymatic activities associated with variations in nitrogen forms were identified using PCA analysis. Within the total nitrogen group, the proportions of heavy fraction organic nitrogen and alkali hydrolyzable nitrogen components were notably predominant in total organic nitrogen and inorganic nitrogen, respectively. This phenomenon is most likely due to the modulation of key microbial communities and enzymatic activities regulating the formation of heavy fraction organic nitrogen and alkali hydrolyzable nitrogen. alkali hydrolyzable nitrogen contains elements like ammonium nitrogen and nitrate nitrogen that are plausible nitrogen sources for plant uptake and constitute one of the most dynamic nitrogen reservoirs for crop growth (Brown et al., 2022). The fluctuation of alkali hydrolyzable nitrogen in the soil could be linked to variations in acid hydrolyzable nitrogen, given its significant presence within alkali hydrolyzable nitrogen and its role as a swiftly releasable fraction. Proteobacteria and Acidobacteriota as well as Ascomycota have previously been identified as members of the Dissimilatory Nitrate Reduction to Ammonium (DNRA) community (Saijai et al., 2016).


Crop rotation and nitrogen fertilization might induce ammonium reduction, curbing nitrogen loss via ammonia volatilization and thereby promoting ammonium nitrogen and nitrate nitrogen accumulation. The production of chitinase by Mrakia in the Ascomycota has been reported (Hu et al., 2022) and thus, chitinase decomposition of organic nitrogen products could add to the pool of ammonium nitrogen and nitrate nitrogen. Furthermore, recent reports indicate Mrakia’s participation in crop pathogen suppression, assistance in crop growth, and the accumulation of ammonium nitrogen and nitrate nitrogen components through enhanced root exudation (Challacombe et al., 2019). The significant influence of soil urease, protease, and nitrate reductase on the changes in ammonium nitrogen components was documented in the present work. Soil protease is engaged in the breakdown of chitin and lignin, key constituents of bacterial and fungal cell walls (Zhang et al., 2020). Following microbial cell wall shedding, decomposition generates low-molecular-weight organic compounds like free amino acids and amino sugars, contributing to the inorganic nitrogen pool. On the other hand, soil urease’s end product is NH4
+, a precursor of ammonium nitrogen. However, when nitrogen saturation occurs, soil nitrate reductase may lead to a reduction in ammonium nitrogen and nitrate nitrogen content (Alizadeh et al., 2017).


In the MS1 treatment, ammonium nitrogen and nitrate nitrogen content significantly surpassed those of MS0 and SS0 treatments, suggesting that Gemmatimonas, Rhodanobacter and Mrakia excel in modulating alkali hydrolyzable nitrogen content compared to soil nitrate reductase. Certain fungal species have been reported to possess genes associated with amino acids (Frey et al., 2000), participating in nitrogen cycling. Their ability to produce an amino acid oxidase has also been observed (Isobe et al., 2014). The lower ammonia-producing capability following crop rotation is explained by decreased fungal richness relative to continuous cropping. Notably, in this study, Fungi demonstrate greater resilience to lower pH levels than bacteria in microbial communities (Zhang et al., 2021). Thus, the fungal-to-bacterial richness ratio rose with nitrogen fertilization due to the anticipated pH decrease caused by nitrogen input. This possibly elucidates the critical relevance of fungi in alkali hydrolyzable nitrogen morphological changes, as alkali hydrolyzable nitrogen is intricately tied to microbial metabolism (Ren et al., 2023).







5 Conclusion


This study’s findings reveal that under soybean-maize rotation conditions, both LON and ANN, as well as their constituent forms, namely AHN, AN, and NN, increased significantly. Gemmatimonas, Rhodanobacter and Mrakia could effectively increase soil nitrogen content, whereas Blastococcus and Fusarium increased soil nitrogen loss. It is critical to account for soil microenvironmental and functional factors in the investigation of soil nitrogen cycling across distinct rotation systems, given their direct impact on the alteration of soil nitrogen forms. The identification of nitrogen-promoting and nitrogen-depleting microbial taxa provides a basis for optimizing microbial inoculants or biocontrol strategies to enhance nitrogen use efficiency in rotation systems. While correlations between microbial taxa and nitrogen transformations were observed, experimental validation is needed to confirm causative mechanisms.









Data availability statement


The data presented in the study are deposited in the Zenodo repository. You can download, inspect, and further explore the relevant data via the following links: https://doi.org/10.5281/zenodo.17383398.







Author contributions


LZ: Data curation, Writing – original draft, Writing – review & editing. WJ: Data curation, Writing – original draft, Writing – review & editing. JY: Investigation, Methodology, Writing – original draft. JZ: Investigation, Methodology, Writing – original draft. ZX: Investigation, Methodology, Writing – original draft. DR: Investigation, Methodology, Writing – original draft. FM: Investigation, Methodology, Writing – original draft. JC: Writing – original draft, Writing – review & editing. WZ: Funding acquisition, Project administration, Writing – review & editing, Writing – original draft. HZ: Funding acquisition, Project administration, Writing – review & editing.







Funding


The author(s) declare financial support was received for the research and/or publication of this article. This research was supported by the National Key Research and Development Program Project (2024YFD1501003-02), the Supported by the earmarked fund for JLARS (JLARS-2025-030302), the China Agriculture Research System of MOF and MARA (No. CARS-04-PS14), the Young and Middle-aged Scientific and Technological Innovation and Entrepreneurship Outstanding Talent (team) Project (20210509012RQ), and Science and Technology Development Plan Project of Jilin Province (No.YDZJ202201ZYTS578).







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.







Generative AI statement


The author(s) declare that no Generative AI was used in the creation of this manuscript.


Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.







Supplementary material


The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1658885/full#supplementary-material










References

	

 Alizadeh H., Kandula D. R. W., Hampton J. G., Stewart A., Leung D. W. M., Edwards Y., et al. (2017). Urease producing microorganisms under dairy pasture management in soils across New Zealand. Geoderma Regional 11, 78–85. doi: 10.1016/j.geodrs.2017.10.003




	

 Anugroho F., Kitou M. (2020). Effect of tillage treatments of hairy vetch residues on soil inorganic-N distributions and corn growth in a subtropical region. Appl. Environ. Soil Sci. 2020, 6. doi: 10.1155/2020/7049161




	

 Aparicio V., Costa J. L. (2007). Soil quality indicators under continuous cropping systems in the Argentinean Pampas. Soil Tillage Res. 96, 155–165. doi: 10.1016/j.still.2007.05.006




	

 Braos B. B., Ferreira M. E., Da Cruz M. C. P., Braos L. B., Barbosa J. C. (2016). Mild and moderate extraction methods to assess potentially available soil organic nitrogen. Rev. Bras. Ciencia Do Solo 40, 13. doi: 10.1590/18069657rbcs20151059




	

 Brisson N., Gate P., Gouache D., Charmet G., Oury F. X., Huard F. (2010). Why are wheat yields stagnating in Europe? A comprehensive data analysis for France. Field Crops Res. 119, 201–212. doi: 10.1016/j.fcr.2010.07.012




	

 Brown R. F., Sala O. E., Sinsabaugh R. L., Collins S. L. (2022). Temporal effects of monsoon rainfall pulses on plant available nitrogen in a Chihuahuan desert grassland. J. Geophysical Research-Biogeosciences 127, 15. doi: 10.1029/2022JG006938




	

 Challacombe J. F., Hesse C. N., Bramer L. M., Mccue L. A., Lipton M., Purvine S., et al. (2019). Genomes and secretomes of Ascomycota fungi reveal diverse functions in plant biomass decomposition and pathogenesis. BMC Genomics 20, 27. doi: 10.1186/s12864-019-6358-x, PMID: 31830917



	

 Chen Y. M., Xu X., Jiao X. G., Sui Y. Y., Liu X. B., Zhang J. Y., et al. (2018). Responses of labile organic nitrogen fractions and enzyme activities in eroded mollisols after 8-year manure amendment. Sci. Rep. 8, 8. doi: 10.1038/s41598-018-32649-y, PMID: 30242277



	

 Crespo C., Wyngaard N., Rozas H. S., Barbagelata P., Barraco M., Gudelj V., et al. (2021). Improving soil organic nitrogen and sulfur pools by cover cropping and crop fertilization in soybean-based cropping systems. Soil Tillage Res. 213, 10. doi: 10.1016/j.still.2021.105138




	

 Deiglmayr K., Philippot L., Kandeler E. (2006). Functional stability of the nitrate-reducing community in grassland soils towards high nitrate supply. Soil Biol. Biochem. 38, 2980–2984. doi: 10.1016/j.soilbio.2006.04.034




	

 Dessureault-Rompré J. (2022). Soil nitrogen supply: linking plant available N to ecosystem functions and productivity. Nitrogen 3, 455–457. doi: 10.3390/nitrogen3030030




	

 Ding G. M., Chen H. R., Gu H. F., Zhang Y. Q., Li R. M., Zhang S. F. (2022). Inorganic nitrogen uptake characteristics of three typical bloom-forming algae in the east China sea. Water 14, 13. doi: 10.3390/w14162580




	

 Dou X. L., Cheng X. L., He P., Zhu P., Zhou W., Wang L. G. (2017). Dynamics of physically-separated soil organic carbon pools assessed from δ
13C changes under 25 years of cropping systems. Soil Tillage Res. 174, 6–13. doi: 10.1016/j.still.2017.05.009




	

 Fan K. K., Delgado-Baquerizo M., Guo X. S., Wang D. Z., Zhu Y. G., Chu H. Y. (2020). Microbial resistance promotes plant production in a four-decade nutrient fertilization experiment. Soil Biol. Biochem. 141, 8. doi: 10.1016/j.soilbio.2019.107679




	

 Feng J., Turne B. L., Wei K., Tian J. H., Chen Z. H., Lü X. T., et al. (2018). Divergent composition and turnover of soil organic nitrogen along a climate gradient in arid and semiarid grasslands. Geoderma 327, 36–44. doi: 10.1016/j.geoderma.2018.04.020




	

 Frey S. D., Elliott E. T., Paustian K., Peterson G. A. (2000). Fungal translocation as a mechanism for soil nitrogen inputs to surface residue decomposition in a no-tillage agroecosystem. Soil Biol. Biochem. 32, 689–698. doi: 10.1016/S0038-0717(99)00205-9




	

 Gan Y. T., Hamel C., O’donovan J. T., Cutforth H., Zentner R. P., Campbell C. A., et al. (2015). Diversifying crop rotations with pulses enhances system productivity. Sci. Rep. 5, 14. doi: 10.1038/srep14625, PMID: 26424172



	

 Gaudin A. C. M., Janovicek K., Deen B., Hooker D. C. (2015). Wheat improves nitrogen use efficiency of maize and soybean-based cropping systems. Agric. Ecosyst. Environ. 210, 1–10. doi: 10.1016/j.agee.2015.04.034




	

 Han H. M., Zhang B., Liu H., Li Y., Xu W. D., Zhang L. T., et al. (2025). Abundant taxa enhanced stability of fungal communities according to reduced nitrogen fertilization. Soil Tillage Res. 249, 9. doi: 10.1016/j.still.2025.106501




	

 Heinzle J., Wanek W., Tian Y., Kengdo S. K., Borken W., Schindlbacher A., et al. (2021). No effect of long-term soil warming on diffusive soil inorganic and organic nitrogen fluxes in a temperate forest soil. Soil Biol. Biochem. 158, 5. doi: 10.1016/j.soilbio.2021.108261




	

 Hohman S. P., Smyth A. R., Bean E. Z., Reisinger A. J. (2021). Internal nitrogen dynamics in stormwater pond sediments are influenced by pond age and inorganic nitrogen availability. Biogeochemistry 156, 255–278. doi: 10.1007/s10533-021-00843-2




	

 Hou K. X., Cheng C., Shi B. H., Du Z. K., Liu W., Li B., et al. (2023). New insights into the effects of chlorpyrifos on soil microbes: Carbon and nitrogen cycle related microbes in wheat/maize rotation agricultural field*. Environ. pollut. 318, 12. doi: 10.1016/j.envpol.2022.120908, PMID: 36549448



	

 Hu H. M., Liu L. L., Zhang X., Lin Y., Shen X. C., Long S. H., et al. (2022). New species and records of Neomassaria, Oxydothis and Roussoella (Pezizomycotina, Ascomycota) associated with palm and bamboo from China. Mycokeys 93, 165–191. doi: 10.3897/mycokeys.93.89888, PMID: 36761913



	

 Hu J. Z., Yang S. H., Cornelis W. M., Zhang M. R., Huang Q., Qiu H. N., et al. (2025). Microstructure and microorganisms alternation of paddy soil: interplay of biochar and water-saving irrigation. Plants-Basel 14, 21. doi: 10.3390/plants14101498, PMID: 40431061



	

 Isobe K., Taira R., Hoshi Y., Matsuda S., Yamada M., Hibi M., et al. (2014). Characterization of a novel L-amino acid oxidase with protein oxidizing activity from Penicillium steckii AIU 027. J. Bioscience Bioengineering 117, 690–695. doi: 10.1016/j.jbiosc.2013.11.008, PMID: 24333187



	

 Kätterer T., Roobroeck D., Andrén O., Kimutai G., Karltun E., Kirchmann H., et al. (2019). Biochar addition persistently increased soil fertility and yields in maize-soybean rotations over 10 years in sub-humid regions of Kenya. Field Crops Res. 235, 18–26. doi: 10.1016/j.fcr.2019.02.015




	

 Lee J. K., Park H. J., Cha S. J., Kwon S. J., Park J. H. (2021). Effect of pyroligneous acid on soil urease, amidase, and nitrogen use efficiency by Chinese cabbage (Brassica campestris var. Pekinensis)
. Environ. pollut. 291, 7. doi: 10.1016/j.envpol.2021.118132, PMID: 34536645



	

 Leinweber P., Kruse J., Baum C., Arcand M., Knight J. D., Farrell R., et al. (2013). “Advances in understanding organic nitrogen chemistry in soils using state-of-the-art analytical techniques,” in Advances in Agronomy, vol. 119 . Ed.  D. L. Sparks (Elsevier Academic Press Inc, San Diego), 83–151.



	

 Li D. J., Liu J., Chen H., Zheng L., Wang K. L. (2018). Soil microbial community responses to forage grass cultivation in degraded karst soils, Southwest China. Land Degradation Dev. 29, 4262–4270. doi: 10.1002/ldr.3188




	

 Liu M. X., Hu Z. H., Fan Y., Hua B., Yang W., Pang S., et al. (2024). Effects of leguminous green manure-crop rotation on soil enzyme activity and stoichiometry. J. Plant Ecol. 17, 15. doi: 10.1093/jpe/rtae065




	

 Liu Q., Zhao Y. X., Li T., Chen L., Chen Y. Q., Sui P. (2023). Changes in soil microbial biomass, diversity, and activity with crop rotation in cropping systems: A global synthesis. Appl. Soil Ecol. 186, 9. doi: 10.1016/j.apsoil.2023.104815




	

 Lu T., Lu Z. L., Shi J. M., Liu Y. Y., Wang Y., Yang J. F., et al. (2024). Long-term application of manure increased soil amino acid pool under maize-maize-soybean rotation system. J. Soils Sediments 24, 3572–3584. doi: 10.1007/s11368-024-03922-7




	

 Mori T., Wang S. H., Peng C., Wang C., Mo J. M., Zheng M. H., et al. (2023). Importance of considering enzyme degradation for interpreting the response of soil enzyme activity to nutrient addition: insights from a field and laboratory study. Forests 14, 11. doi: 10.3390/f14061206




	

 Narayana N. K., Kingery W. L., Jacobs A. A., Allison J. K., Shanmugam S. G. (2022). Effects of tillage and winter cover management in a maize soybean rotation on soil bacterial and fungal community composition. Land 11, 14. doi: 10.3390/land11122259




	

 Naumova E. S., Lee C. F., Kondratieva V. I., Sadykova A. Z., Naumov G. I. (2017). Molecular genetic polymorphism of soil yeasts of the genus Williopsis from Taiwan Island. Russian J. Genet. 53, 561–567. doi: 10.1134/S1022795417040111




	

 Neels W., Jhala A., Maharjan B., Patel S., Slator G., Iqbal J. (2024). Nitrogen source affects in-season nitrogen availability more than nitrification inhibitor and herbicide in a fine-textured soil. Soil Sci. Soc. America J. 88, 419–433. doi: 10.1002/saj2.20617




	

 Park K. R., Park C. S., Kim B. G. (2016). An enzyme complex increases in vitro dry matter digestibility of corn and wheat in pigs. Springerplus 5, 7. doi: 10.1186/s40064-016-2194-5, PMID: 27247894



	

 Perez-Brandan C., Arzeno J. L., Huidobro J., Conforto C., Grümberg B., Hilton S., et al. (2014). The effect of crop sequences on soil microbial, chemical and physical indicators and its relationship with soybean sudden death syndrome (complex of Fusarium species). Spanish J. Agric. Res. 12, 252–264. doi: 10.5424/sjar/2014121-4654




	

 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, 14. doi: 10.1038/s41598-019-41364-1, PMID: 30894625



	

 Ren H. Y., Guo H., Islam M. S., Zaki H. E. M., Wang Z. S., Wang H. Y., et al. (2023). Improvement effect of biochar on soil microbial community structure and metabolites of decline disease bayberry. Front. Microbiol. 14, 13. doi: 10.3389/fmicb.2023.1154886, PMID: 37333636



	

 Saijai S., Ando A., Inukai R., Shinohara M., Ogawa J. (2016). Analysis of microbial community and nitrogen transition with enriched nitrifying soil microbes for organic hydroponics. Bioscience Biotechnol. Biochem. 80, 2247–2254. doi: 10.1080/09168451.2016.1200459, PMID: 27351990



	

 Sainju U. M. (2022). The impact of no-till crop rotation on dryland soil properties and crop yields. Agron. J. 114, 2796–2810. doi: 10.1002/agj2.21148




	

 Soman C., Li D. F., Wander M. M., Kent A. D. (2017). Long-term fertilizer and crop-rotation treatments differentially affect soil bacterial community structure. Plant Soil 413, 145–159. doi: 10.1007/s11104-016-3083-y




	

 Sui Z. M., Yuan L. (2023). White-rot fungus Ceriporia lacerata HG2011 improved the biological nitrogen fixation of soybean and the underlying mechanisms. Plant Soil 486, 425–439. doi: 10.1007/s11104-023-05883-1




	

 Sun Y. P., Chen X. B., Yang J. S., Luo Y. M., Yao R. J., Wang X. P., et al. (2022). Biochar effects coastal saline soil and improves crop yields in a maize-barley rotation system in the tidal flat reclamation zone, China. Water 14, 13. doi: 10.3390/w14203204




	

 Sun Q., Wu H.-L., Chen F., Kang J.-H. (2020). Characteristics of soil nutrients and fungal community composition in crop rhizosphere under different rotation patterns. Huan jing ke xue= Huanjing kexue 41, 4682–4689. doi: 10.13227/j.hjkx.202001031, PMID: 33124401



	

 Te X., Hassan M. J., Cui K. S., Xiao J. H., Aslam M. N., Saeed A., et al. (2022). Effect of different planting pattern arrangements on soil organic matter and soil nitrogen content under a maize/soybean strip relay intercropping system. Front. Plant Sci. 13, 12. doi: 10.3389/fpls.2022.995750, PMID: 36589089



	

 Vance C. P. (2001). Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition in a world of declining renewable resources. Plant Physiol. 127, 390–397. doi: 10.1104/pp.010331, PMID: 11598215



	

 Wang Z. J., Tian H., Sun N., Wang H. C., Tang S. Y., Chen S. J., et al. (2025). Research on the synergistic mechanism of maize-soybean rotation and bio-organic fertiliser in cold regions. Agronomy-Basel 15, 18. doi: 10.3390/agronomy15051256




	

 Zhang Y., Dai S. Y., Huang X. Q., Zhao Y., Zhao J., Cheng Y., et al. (2020). pH-induced changes in fungal abundance and composition affects soil heterotrophic nitrification after 30 days of artificial pH manipulation. Geoderma 366, 8. doi: 10.1016/j.geoderma.2020.114255




	

 Zhang F. W., Qiao Z. H., Yao C. T., Sun S., Liu W. T., Wang J. X. (2021). Effects of the novel HPPD-inhibitor herbicide QYM201 on enzyme activity and microorganisms, and its degradation in soil. Ecotoxicology 30, 80–90. doi: 10.1007/s10646-020-02302-4, PMID: 33222056



	

 Zhang P., Sun J. Y., Li L. J., Wang X. X., Li X. T., Qu J. H. (2019). Effect of soybean and maize rotation on soil microbial community structure. Agronomy-Basel 9, 11. doi: 10.3390/agronomy9020042




	

 Zhang L. Q., Zhu J. G., Zhang Y. M., Xia K. X., Yang Y. H., Wang H. Y., et al. (2024). Maize, peanut, and millet rotations improve crop yields by altering the microbial community and chemistry of sandy saline-alkaline soils. Plants-Basel 13, 21. doi: 10.3390/plants13152170, PMID: 39124287



	

 Zhou Q. X., Li N. N., Chang K. F., Hwang S. F., Strelkov S. E., Conner R. L., et al. (2018). Genetic diversity and aggressiveness of Fusarium species isolated from soybean in Alberta, Canada. Crop Prot. 105, 49–58. doi: 10.1016/j.cropro.2017.11.005, PMID: 30708639











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 © 2025 Zhang, Yin, Ji, Zhao, Xin, Rao, Meng, Cui, Zhang and Zhao. 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/cover.jpg
& frontiers | Frontiers in Plant Science

Long-term maize-soybean crop rotation:
impacts on soybean yield, soil microbiota
and nitrogen dynamics





OEBPS/Images/fpls-16-1658885-g002.jpg
Maize-soybean rotation Soybean continuous
(MS) cropping (SS)

A, \,
/\ Fﬂ

M

>
P

e

1]

74

A

- l

h------

“3:
i’
N
Ve
\"."

I_I-“ l.‘ | % %{

(i G 2
X oL o
S et B 1 [ RORSON
A\ rl [ LU LR )
I P b A .
LIASE X} ESms L,
revoe - i

mﬁ;é = "t?’rows 1

Maize  5.5-6.0w ha*
Soybean 20.0-22.0w ha-






OEBPS/Images/fpls-16-1658885-g004.jpg
0.3

- Sphingomans

- Candidatus_Solibacte
0.25 B Bradyrhizobium

- Gemmatimonas

- Rhodanobacter
0.2

0.1

Soil bacteria (2020)

0.05

Percent of community abundance on Genus level
=
o

0.8

- Tolypocladium

- Boeremia

Soil fungus (2020)

Percent of community abundance on Genus level

NS N D
£

0.3 03

- Sphingomans

- Candidatus_Solibacte
I Bradyrhizobium

T 025 2 025
E) - Gemmatimonas _ﬂz
- 2]
% - Rhodanobacter g
2 i3 - Bryobacter Lg 02
g - Sporosarcina o
e (0]
% - Arthrobacter &
< - Blastococcus <
g 0.15 5
= s 0.15
2 - Streptomyces s
z g
§ g
! Soil bacteria (2021) & O
z 1)
S (@]
o b
= I=
5 0.05 2 005
o —
5 (]
3 =¥
0 0
0.3 0.6
_ -
O]
E ~ 05
- =
; S
~ - Tolypocladium 5 0.4
o i S '
5 - Boeremia 2
: S
3 g
= c
E Soil > 0.3
5 oil fungus (2021) =
2 =
= =
z &
g S 02
S —
2 ©
o N
=
= (]
5 5
2 a, 0.1
=¥
0

- Sphingomans

- Candidatus_Solibacte
- Bradyrhizobium

- Gemmatimonas

- Rhodanobacter

Soil bacteria (2022)

- Tolypocladium

- Boeremia

Soil fungus (2022)





OEBPS/Images/fpls-16-1658885-g001.jpg
-O- Average temperatures

Average precipitation

To]
™

200

o
™

Average temperatures (°C)

o) o L (=]
N N - ol

(=4 = o
L) o [e)
- -

(ww) uonendisaid abesony

Say 2T ooy Ps oot
5082533282533 283
<N = N

= oo+ 2= oa
= S

O®

3328253398253
<N = N -

l> l_l L] L] l> I_l [ ] L] l> -

o FSS 0Qn geS o oS
308353085 35308< 3
<N = ‘N )

= oo+ 2c= o
= S

O @®

3328253388253
<NO=5"gnO=5

988 IS Pag T

S

>-

c
8 S350
<N

DC= ook
85350
=52gqn0=3"





OEBPS/Images/fpls-16-1658885-g006.jpg
Ive

S
"
3
o
S
o

k=]
=
=5
L
®

- Posi
- Negative






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1658885-g008.jpg
+L 1970

#3050

0.475%

Crop rotation . '

Bacteria community
function

' 0.496*

Bacteria community
composition
" 3

VE, 7L ol N

-0.572

(R
lllllllllll
......
g
IIIIIIIII 1]

Fungal community
composition

0.663**

3 Fungal community  {
function |

/ CFI=0936
{ RMSEA=0.072

SRMR=0.039

RI75"*

-0.483*





OEBPS/Images/fpls-16-1658885-g005.jpg
PC2(35.66%)

Bacteria(2020)

NN '

30-25-20-15-10 -5 0 5 10 15 20 25
PC1(42.21%)

-12 -10

-8

-6

Fungi (2020)

-4

-2 0 2 4 6 8

PC1(40.76%)

10

PC2(31.82%)

30 25 20 -15 10 5 O
PC1(45.88%)

10 8 -6

20 R2:0.37

....................

Fungi (2021)

4 2 0 2
PC1(40.66%)

4

~_
-
—

PC2(33.89%)

PC2(36.68%)

-_— ek N
o o

o

25 20 -15 -10 -5 0 10 15 20 25

-10

-8

Bacteria(2022)

R’=0.35 P<0.01

PC1(40.57%)

Fungi (2022)

6 -4

-2 0 2 4 6 8
PC1(39.85%)

10





OEBPS/Images/fpls-16-1658885-g003.jpg
0.15

1.2

1.2

0.12

-
1

1.0

o 0.09
0.06

(,.6% B) NIL

® @ %
© © o

(,-6% B) NOL

(

.03 B) NL

0.03:

0.2

0.00

0.0

MS0O SS1 SSO

MS1

MSO SS1 SSO

MS1

MSO0 SS1 SS0

MS1

200

0.30

0.25

150

-
o

o o
o n

e

(,-63% Bw) Nvv

o uw o
™~ i ol
o o o
(,-6% B) NOT

=,

=
(,-6% B) NOY

i
=

0.05

0.00

0.0

MS0 SS1 SS0

MS1

MSO SS1 SSO

MS1

MS0O SS1 SS0

MS1

(Te}
o™

2

o
o™

o = o o o
o wn o wn

(,.6% bw) NHY

un o

e -—

(,-83 Bw) NV

MSO SS1 SSO

MS1

MS0 SS1 SSO0

MS1

MSO SS1 SSO

MS1





OEBPS/Images/fpls-16-1658885-g007.jpg
Soil bacteria

(c) A R

g 1
o Gaiellales { Micropepsaceae , Gemmatimonas
[ SC-I-84 [ SC-I-84 I B Arthrobacter 05
. Gemmatimonas f_JG30-KF-CM45 ' .‘ 1 f JG30-KF-CM45 -0

I JG30-KF-CM435

o Saccharimonadales

Rhodanobacter

n_

Gemmatimonas

Bryobacter
Sphingomonas l 0.5

Sporosarcina Arthrobacter Candidatus_Solibacter =1
Bryobacter Nocardioides ¢ TKI10
Rhodanobacter o Acidobacteriales o Elsterales

f Micropepsaceae Bradyrhizobium o Acidobacteriales
Bradyrhizobium , | Sphingomonas o Vicinamibacterales
f  Gemmatimonadaceae IH B | . _. Blastococcus o Gaiellales

o Acidobacteriales i ' ' ’ o__Vicinamibacterales f  Gemmatimonadaceag
Blastococcus Bryobacter Bacillus

Sphingomonas o Gaiellales Nocardioides
Candidatus_Solibacter o_ Elsterales o IMCC26256

o C0119 Streptomyces Bradyrhizobium

¢ Subgroup 6 o C0119 I Roseiflexaceae

¢ TKIO Candidatus_Solibacter o CO119

Arthrobacter f Gemmatimonadaceae f SC-1-84
Streptomyces ¢ TKI0 Blastococcus

EF { S SFEdSs f:-':’%%:p‘\‘ﬁo‘\

Soil fungus

1
f Mi
_Wlicroascaceag l{)5
Trichoderma
Mirakia -0

p__Ascomycola 05
Fusarium g

j;l . ¢ Sordariomycetes

(1SS Heterocephalacria Chaetomium

| . Fusarium
B« Fug
. P Mucoromycota
Mrakia
f Herpotrichiellaceae

c__ Leotiomycetes

p Mucoromycota
o Hypocreales
Boeremia

Tolypocladium Heterocephalacria o Hypocreales
Thysanophora o__ Eurotiales Boeremia
Scedosporium } ~f Pyronemataceae p_ Zoopagomycota
Boeremia . Phialophora f Pyronemataceae

| _Chaetomiaceae k_ Fungi f Ophiocordycipitaceae
o Eurotiales Fusarium Phialophora

P Ascomycota ¢ Sordariomycetes Chaetomium

o__ Furotiales

' .: ’ ¢ Sordariomycetes

. Heterocephalacria

f Microascaceae

- . o Agaricales

ﬂ[ o Pleosporales
B Cladosporium

~ Sistotrema

¢ Sordariomycetes
Chaetomium

f Hypocreaceae
o Helotiales
M ¢ Sordariomyeetes

¢ Leotiomycetes

p Mucoromycota
Tolypocladium

o Helotiales
Verticillium

o Pleosporales

o Hypocreales ¢ Sordariomycetes





