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High nutrient input leads to problems such as excessive accumulation of soil nutrients, 
and imbalance of microbial communities. However, there remains significant gaps 
in the impact of soil disinfestation and optimized nutrient management measures 
on the growth and soil conditions of greenhouse cucumber. This study investigated 
the effects of non-disinfected soil with conventional nutrient treatment (CK), after 
disinfection with conventional chicken manure application (FP), after disinfection 
with bio-organic fertilizer application (BF), and after disinfection with organic 
materials application (OM) on cucumber growth performance, soil nutrients, 
and microbial communities. The results indicated that compared to the CK, FP, 
BF, and OM could significantly increase cucumber yield, dry weight, nitrogen 
uptake, and the nutritional yield of potassium, calcium, and magnesium, with BF 
showing the most pronounced effect. BF effectively alleviated the migration of 
dissolved inorganic nitrogen in the 0–200 cm soil layer, thereby reducing its loss. In 
addition, BF reduced the accumulation of nutrients such as total nitrogen, available 
phosphorus, available potassium, and available magnesium in the 0–20 cm soil 
layer. The optimization measures altered the species diversity of the soil microbial 
community. In the BF group, microorganisms showed a negative correlation 
with soil properties, while OM was positively correlated with pH and C/N, with 
norank_c__Subgroup_6 and Gaiella being the dominant bacteria. Functional 
analysis revealed that carbon and nitrogen metabolism functions were significantly 
enriched in BF-associated bacteria compared to all other groups. These findings 
provide new insights and strategies for saving resources, improving crop quality, 
and reducing nutrient accumulation and waste.
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1 Introduction

Soil is the material foundation essential for human survival, and 
soil microorganisms are key driving forces in nutrient cycling, organic 
matter transformation, and the enhancement of crop yield and 
productivity. Therefore, microbial activity, abundance, and community 
composition directly influence soil health and quality, and largely 
determine the sustainable productivity of agricultural land (Ahammed 
et al., 2025; Taheri et al., 2025). However, in greenhouse vegetable 
production systems, long-term irrational nutrient inputs and 
continuous monoculture often lead to an increase in the abundance 
of harmful microorganisms in the soil, while the relative abundance 
of beneficial microbes declines, thereby contributing to the occurrence 
of soil-borne diseases in agricultural production (Su et al., 2024; Wang 
et al., 2024).

At present, vegetable production commonly employs soil 
disinfectants (Son et al., 2023) or practices such as crop rotation and 
variety replacement (Dou et al., 2025; Kim et al., 2025; Ma et al., 2025) 
to suppress the occurrence of soil-borne diseases. However, some 
disinfectants may leave chemical residues in the soil that negatively 
affect crop growth. Meanwhile, crop rotation in greenhouse vegetable 
systems is often constrained by technical and management limitations. 
Previous studies have demonstrated that soil disinfection can promote 
plant growth. The recovery of microbial communities after sterilization 
depends on the presence of living plants, and the final microbial 
community structure varies according to crop species. In crops grown 
in disinfected soils, disinfection has been shown to enhance the 
functions of common plant-beneficial microorganisms (Li et  al., 
2019). For example, physical and chemical properties as well as 
microbial communities of tobacco inter-roots were deteriorated when 
infected with mosaic virus, a phenomenon that is more pronounced 
in unsterilized soils (Liu et al., 2024). Therefore, for crops cultivated 
in greenhouses, utilizing natural conditions such as greenhouse 
solarization (high-temperature sealing of the greenhouse) as a 
sterilization method can reduce resource consumption, help 
reestablish a balanced microbial community, and create a favorable 
soil environment for plant establishment and growth.

Optimizing nutrient management to meet crop nutritional 
requirements is a fundamental step toward improving vegetable yield 
and quality while minimizing environmental pollution. Previous 
studies have reported various nutrient management strategies that 
influence vegetable production and quality, including fertilizer 
reduction, coordinated water supply, application of enhanced-
efficiency fertilizers, substitution of chemical fertilizers with organic 
amendments, and crop mulching. However, excessive nutrient input 
can lead to leaching losses, posing threats to environmental safety. For 
instance, in wheat cultivation, optimized water and nitrogen 
management has been shown to enhance resource use efficiency 
without compromising yield. The application of biochar has improved 
nutrient availability and reduced yield loss caused by irrigation deficits 
(Zhang et al., 2024). Under controlled nutrient management, altering 
microbial communities in nutrient solutions has been used to improve 
fertilizer use efficiency and yield in greenhouse lettuce (Zhao et al., 
2025). Controlled-release phosphorus fertilizers have achieved the 
highest microbial diversity and the greatest relative abundance of 
beneficial microbes, while enhancing soil enzyme activity, soil fertility, 
and soybean growth (Qu Z. et al., 2025). The combined application of 
farmyard manure and bio-inoculants has improved microbial 

diversity, abundance, and resilience, contributing to sustainable crop 
production (Datta et al., 2025). Seguel and colleagues developed a 
biochar-based controlled-release fertilizer that replaced conventional 
fertilizers, thereby improving nutrient use efficiency, enhancing grain 
productivity, and reducing nutrient loss (Meier et al., 2025). However, 
the application and potential of optimized nutrient management in 
greenhouse cucumber production remain largely unknown.

The application of bio-organic fertilizers is one of the important 
approaches to improving soil nutrient status and health. By combining 
soil sterilization measures with the application of bio-organic 
fertilizers, antagonistic microorganisms can be artificially introduced 
to establish a disease-suppressive soil microbial community, thereby 
reducing the use of agricultural chemicals and enhancing soil health. 
The application of bio-organic fertilizer has been shown to not only 
increase the fresh root weight and active compound content of 
Scutellaria baicalensis, but also to improve the composition of the 
rhizosphere fungal community (Guo et  al., 2025). In potato 
cultivation, optimized organic fertilization alleviated early-stage wilt 
disease, slowed yield reduction, and increased the content of 
particulate organic matter (Qu X. et  al., 2025). The combined 
application of biochar and microbial organic fertilizer improved soil 
fertility by 161% and increased the abundance of antagonistic 
Chaetomiaceae fungi (He et  al., 2025). The combined use of 
bio-organic fertilizer and soil amendments reduced soil salinity, 
enhanced enzyme activity, improved saline-alkaline soils, and 
significantly increased rice yield (Xiao et al., 2025). The substitution 
of part of the chemical fertilizer with bio-organic fertilizer not only 
reduced resource consumption, but also enhanced the abundance of 
dominant bacterial and fungal groups and increased the yield of 
Brassica chinensis (Jin et al., 2022). Bio-organic fertilizers have shown 
great potential in enhancing crop yield, improving soil health, and 
enriching beneficial microbial communities. Therefore, it is necessary 
to compare the effects of greenhouse solarization with calcium 
cyanamide and the combined application of traditional manure, 
bio-organic fertilizer, and organic materials on cucumber yield, soil 
fertility, and microbial characteristics in greenhouse systems.

This study focused on greenhouse-grown cucumber in Lanling 
County, with the following main objectives: (1) To investigate the 
effects of nutrient management practices on cucumber growth 
performance, (2) to quantitatively analyze the migration patterns of 
soil dissolved inorganic nitrogen (DIN) in greenhouse vegetable 
systems, (3) to assess the impacts on soil properties and microbial 
community composition.

2 Materials and methods

2.1 Experimental sites and plant materials

The experiment was conducted from July 18 to September 25, 
2024, in a greenhouse located in Lanling County, Shandong Province, 
China (34 °52′N, 117 °56′E; elevation 44 m). The experimental 
timeline included three key stages: before greenhouse solarization 
(July 20), after greenhouse solarization (August 20), and post-
transplantation (September 20). The greenhouse solarization period 
lasted from July 20 to August 10. After August 10, the plastic film and 
greenhouse covering used for greenhouse solarization were removed 
to allow ventilation. Organic fertilizer was applied on August 20, 
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followed by cucumber transplantation on August 25. September 24 
marked 30 days after transplantation. Grafted cucumber was used as 
the experimental crop, with rootstock variety Zhenxinxin 431 (RSM 
NO.431) and scion variety Boxin 10-2. The planting density was 3,700 
plants per mu (approximately 55,500 plants per hectare), using a wide-
narrow row planting method with row spacing of 80 cm and 40 cm, 
and a plant spacing of 30 cm. Drip irrigation was used, and fruit 
harvesting was carried out during the cucumber harvesting stage.

2.2 Experimental design and field 
management

The experiment was conducted using a randomized complete 
block design with four treatments based on whether greenhouse 
solarization was applied and the type of organic amendment used after 
disinfection, with four replicates per treatment. Nutrient input levels 
for each treatment are detailed in Supplementary Table S1. The 
treatments included: (1) Only greenhouse solarization (CK), where no 
calcium cyanamide disinfection was applied and 33.3 t·ha−1 of chicken 
manure was used as basal fertilizer; (2) Famers’ Practice (FP), with 
calcium cyanamide applied via irrigation before greenhouse 
solarization and organic fertilizer input identical to CK; (3) 
bio-organic fertilizer treatment (BF), which involved greenhouse 
solarization as in FP but replaced chicken manure with 6 t·ha−1 of 
bio-organic fertilizer and 750 kg·ha−1 of kaolin clay; and (4) organic 
material treatment (OM), where greenhouse solarization was also 
conducted as in FP, with organic materials including 6.3 t·ha−1 biochar, 
2.4 t·ha−1 peat, and 1.5 t·ha−1 fungal residue, and soil conditioner 
applied as in BF. The calcium cyanamide, sourced from Shandong 
Jiuzhouyuan Biotechnology Co., Ltd., was applied at 1,410 kg·ha−1in 
FP, BF, and OM. Before greenhouse solarization, diluted calcium 
cyanamide was applied through drip irrigation at 120 mm to the FP, 
BF, and OM plots. Following irrigation, the soil was covered with 
plastic film and the greenhouse was sealed to maintain high 
temperature conditions for 20 days.

2.3 Sample collection

2.3.1 Cucumber sample collection
During the harvest period, cucumbers were harvested once they 

reached marketable size, with harvesting performed every 2–5 days. 
At each harvest, two uniformly growing cucumber plants were 
randomly selected from 54 plants located within the middle two rows 
of each plot. The plants were separated into roots, stems, leaves, and 
fruits for subsequent measurements.

2.3.2 Soil sample collection
Soil samples were collected after transplantation. Three points 

were selected within each plot, and soil was sampled at 20 cm intervals 
from 0 to 200 cm depth. The three parallel samples from each depth 
were combined to form a composite sample. Fresh soil samples were 
sieved through a 2 mm mesh and stored at temperatures below 
4.4 °C. Additionally, soil samples from the 0–60 cm layer (collected 
every 20 cm) were also taken, air-dried, and sieved through a 2 mm 
mesh for the determination of basic soil properties. For microbial 
community analysis, soil samples from the 0–20 cm layer were 

collected after transplantation by mixing three points per plot into one 
composite sample, sieved through 2 mm mesh, stored in ice boxes 
during transport, and subsequently preserved at −80 °C in 
the laboratory.

2.4 Sample measurements

2.4.1 Cucumber yield, dry weight, nitrogen 
uptake, and K, Ca, Mg nutrient uptake

Total yield was calculated as the cumulative weight of harvested 
cucumbers during the harvesting period. Plant samples were washed 
with tap water, then dried to constant weight in a vacuum oven at 
75 °C before weighing. Dry matter weight of fruits was determined by 
drying clean fruits in a 75 °C vacuum oven until constant weight. 
Samples were digested using the H₂SO₄-H₂O₂ method, and total 
nitrogen concentration was determined by the Kjeldahl method. Plant 
nitrogen uptake was calculated as the sum of nitrogen contents in 
roots, stems, leaves, and fruits, with nitrogen content of each organ 
obtained by multiplying dry weight by nitrogen concentration.

Plant samples separated into roots, stems, leaves, and fruits were 
ground and digested using microwave digestion with HNO₃-H₂O₂ 
(6 mL HNO₃ and 2 mL H₂O₂) in a microwave digestion system (CEM, 
Matthews, NC, United States). Potassium, calcium, and magnesium 
concentrations were measured using inductively coupled plasma 
optical emission spectrometry (ICP-OES, OPTIMA 3300 DV, Perkin-
Elmer, United  States). Quality control was conducted by adding 
standard reference material IPE126 (Wageningen University, The 
Netherlands). Potassium, calcium, and magnesium uptake by the 
plant was calculated as the sum of each nutrient in roots, stems, leaves, 
and fruits, with uptake per organ obtained by multiplying dry weight 
by nutrient concentration. Yield, dry weight, nitrogen uptake, and K, 
Ca, Mg nutrient uptake measurements were performed in three 
biological replicates.

2.4.2 Soil DIN and basic properties measurement
Soil samples were extracted with 0.01 M CaCl₂, and 

concentrations of NH₄+ and NO₃− were measured using a continuous 
flow analyzer (TRAACS 2000; Bran+Luebbe, Norderstedt, 
Germany). Soil organic carbon and total nitrogen were determined 
using a carbon-nitrogen analyzer (Elementar, Langenselbold, 
Germany). Available phosphorus was extracted with 0.5 mol L−1 
NaHCO₃ (pH 8.5) and measured by the molybdenum-antimony 
anti-colorimetric method after filtration. Soil pH was measured 
using a pH meter with a soil-to-water ratio of 1:2.5. Available 
potassium, calcium, and magnesium were extracted with ammonium 
acetate and analyzed by ICP-OES (OPTIMA 7300 DV, Perkin-Elmer, 
United States). Measurements of soil DIN and basic properties were 
performed with four biological replicates.

2.4.3 Soil bacterial DNA extraction and analysis
Soil genomic DNA was extracted using the CTAB method. DNA 

purity and concentration were assessed, and samples were diluted with 
sterile water to 1 ng/μl. The V3-V4 variable regions of 16S rRNA genes 
were PCR-amplified. Equal amounts of PCR products were pooled 
based on concentration. Target bands were purified using the 
Universal DNA Purification Kit (TianGen, China). Libraries were 
constructed using the NEBNext® Ultra DNA Library Prep Kit, 
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quality-checked on an Agilent 5400, quantified by qPCR, and 
sequenced on the NovaSeq 6000 platform. Four biological replicates 
were sequenced.

Raw FASTQ sequences were imported using the QIIME tools 
import plugin for subsequent processing with QIIME2. Quality 
control, trimming, denoising, merging, and chimera removal were 
performed with the QIIME2 dada2 plugin (Callahan et  al., 2016; 
Dubois et al., 2022). ANOVA was applied to identify bacterial taxa 
with differential abundance between groups and samples (Mandal 
et al., 2015). Alpha diversity indices at the feature sequence level and 
beta diversity indices including Bray-Curtis were calculated with 
QIIME2 core-diversity plugins to assess microbial community 
structure differences, which were visualized by PCA. PLS-DA was 
used to reveal relationships between microbial communities and 
sample categories. Redundancy analysis (RDA) and canonical 
correspondence analysis (CCA) were performed to explore potential 
correlations between microbial communities and environmental 
factors (Warton et  al., 2011). Microbial functional profiles were 
predicted using PICRUSt2 software (Yang et al., 2023).

2.5 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 24.0. 
One-way analysis of variance (ANOVA) was conducted to assess the 

effects of different treatments, with significance set at p < 0.05. 
Heatmaps were generated using Chiplot, while bar charts were created 
with GraphPad Prism (v8.0.2). Network diagrams were constructed 
using Cytoscape (v3.8.0) (Smoot et al., 2011), and other visualizations 
were produced using R software (v4.4.1) and its packages.

3 Results

3.1 Effects of different nutrient 
management practices on the growth of 
greenhouse cucumber

To investigate the effects of FP, BF, and OM treatments on 
greenhouse cucumber, yield, nitrogen uptake, dry weight, and 
nutrient uptake of potassium, calcium, and magnesium were 
measured (Figure  1). The results showed that compared to the 
control, yields in FP, BF, and OM treatments increased by 1.20, 
1.53, and 1.33 times, respectively. The yield under BF treatment 
was significantly higher than that of CK, FP, and OM treatments, 
while no significant difference was observed between FP and OM 
(Figure 1A). Regarding fruit dry weight, FP, BF, and OM increased 
it by 22.7, 48.7, and 25.3%, respectively, compared to CK 
(Figure  1C), which showed a significant increase under BF 
treatment. In terms of nutrient quality, nitrogen uptake was highest 

FIGURE 1

Effect of different nutrient management practices on the growth of facility cucumber. (A) Cucumber yield. (B) Cucumber nitrogen uptake. 
(C) Cucumber fruit dry weight. (D) Cucumber potassium nutrient yield. (E) Cucumber calcium nutrient yield. (F) Cucumber magnesium nutrient yield. 
The letters (a, b, c, d) represent the results of independent samples t-tests for statistical significance. Different letters indicate significant differences 
between treatments, while the same letter indicates no significant difference.
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in the BF treatment at 184.3 kg·ha−1, whereas no significant 
differences were found between FP (151.7) and OM (160.2) 
(Figure 1B). Furthermore, nutrient yield, which integrates crop 
yield, nutrient concentration in fruits, and dietary 
recommendations, is an important indicator for evaluating crop 
quality. Compared to the CK group, FP, BF, and OM significantly 
increased the nutritional yield of potassium, calcium, and 
magnesium in cucumbers, with BF showing the optimal nutritional 
yield. There were significant differences between BF and both FP 
and OM, while no significant difference was observed between FP 
and OM (Figures 1D–F). In summary, different fertilizer treatments 
effectively improved yield, fruit dry weight, and nutrient yield of 
greenhouse cucumber, with BF showing the best performance.

3.2 Effects of different nutrient 
management practices on soil DIN 
migration

Soil DIN, including ammonium nitrogen (NH₄+) and nitrate 
nitrogen (NO₃−), not only influences nutrient supply for cucumber 
but also affects the soil environment. The content of DIN in the soil 
profile from 0 to 200 cm under different treatments showed an overall 
decreasing trend across all four treatment groups. Notably, the CK and 
FP treatments exhibited significantly higher DIN contents in the 
0–60 cm soil layer compared to BF and OM, with this difference being 
especially pronounced in the 0–20 cm layer (90.8, 100.4, 60.2, and 
40.1 mg N kg−1, respectively) (Figure 2). As soil depth increased, DIN 
content in BF and OM treatments remained lower than that in CK and 
FP. The lowest value was observed in BF at 180–200 cm depth, with 
17.6 mg N kg−1. These results indicate that CK and FP treatments led 
to nitrogen accumulation in the topsoil, promoting varying degrees of 
DIN migration to deeper soil layers and resulting in nitrogen leaching 
losses. Overall, BF and OM treatments effectively mitigated nitrogen 

loss while maintaining cucumber yield and quality, with BF showing 
relatively better performance.

3.3 Effects of different nutrient 
management practices on basic soil 
properties

Given the significant changes in DIN observed within the 
0–60 cm soil layer, we further examined the variations in basic soil 
properties (Figure 3). Except for available calcium, all measured 
parameters-including pH, soil organic carbon (SOC), total 
nitrogen (TN), C/N ratio, Olsen-P, available potassium (Ac-K), and 
available magnesium (Ac-Mg), showed significant differences in 
the 0–20 cm soil layer. BF and OM significantly increased soil pH 
at 0–20 cm (Figure  3A), with no notable differences at deeper 
layers. For SOC, the FP, BF and OM treatment significantly 
decreased its content in the 0–20 cm layer compared with CK 
(Figure 3B). Although TN content in FP was higher than that in 
BF and OM at 0–20 cm (Figure 3C), the C/N ratio was significantly 
higher in BF and OM compared to FP and CK (Figure 3D). For 
DIN in the 0–60 cm layer, the highest values were found in FP, 
followed by CK, BF, and OM (Figure 3E). Similar to DIN, available 
phosphorus (Olsen-P) was significantly lower in BF and OM 
compared to CK and FP at 0–20 cm (Figure 3F). Ac-K content was 
highest in FP across the 0–40 cm layer, with significantly lower 
values in BF and OM (Figure  3G). Available calcium (Ac-Ca) 
showed significant differences only at 0–40 cm, where FP had the 
highest levels, followed by CK (Figure  3H). For Ac-Mg, FP 
consistently exhibited the highest content across the 0–60 cm layer, 
while OM showed the lowest (Figure  3I). In summary, the FP 
treatment led to the accumulation of most soil nutrients in the 
topsoil (0–20 cm), whereas BF and OM effectively reduced their 
excessive accumulation and potential waste.

FIGURE 2

Changes in soil dissolved inorganic nitrogen (DIN) content (0–200 cm) under different nutrient management practices. Differences among treatments 
were evaluated using ANOVA. Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001.
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3.4 Effects of different nutrient 
management practices on soil microbial 
communities

Microbial activity is closely linked to crop performance and 
environmental conditions. To evaluate the impact of fertilization 
treatments on microbial community dynamics, 16S rRNA sequencing 
was performed on soil bacterial communities from the 0–20 cm layer 
(Figure 4). Based on a 97% OTU sequence similarity threshold, a total of 
983,771 high-quality sequences were obtained. The bacterial communities 
included 47 phyla, 123 classes, 357 orders, 617 families, and 1,227 genera. 
The bacterial Shannon rarefaction curves plateaued toward the end, 
indicating sufficient sequencing depth (Supplementary Figures S1A,B), 
and the coverage of all samples was close to 1. In terms of α-diversity, both 
Chao and Shannon indices revealed that bacterial diversity was highest 
under the BF treatment, followed by OM (Figures 4A,B), indicating that 
optimized fertilizer applications significantly enhanced soil bacterial 

diversity. Principal component analysis (PCA) further revealed clear 
separations among CK, FP, and BF/OM treatments (Figure 4C), with BF 
and OM clustering closely together, suggesting significant differences in 
bacterial communities between optimized and conventional treatments. 
PLS-DA analysis supported this finding, demonstrating that fertilization 
management effectively altered microbial community structures 
(Figure 4D).

At the phylum level, Proteobacteria, Actinobacteria, and Chloroflexi 
were dominant taxa, accounting for more than 50% of the total relative 
abundance (Figure 4E). At the genus level, the abundance of Bacillus was 
significantly reduced in both BF and OM treatments, with the greatest 
decrease observed in OM (Figure 4F). In contrast, the relative abundance 
of norank_c_Subgroup_6, Candidatus_Nitrososphaera, Meiothermus, 
and norank_o_Gaiellales markedly increased in BF, by 47.8, 62.8, 477.1, 
and 173%, respectively, compared to FP, becoming dominant genera. 
Cluster analysis of the top  50 most abundant genera revealed two 
distinct groups: one dominated by BF and OM, and the other by CK and 

FIGURE 3

Basic properties of 0–60 cm soil under different nutrient management practices. (A) pH. (B) Soil organic carbon. (C) Total nitrogen. (D) Carbon to 
nitrogen ratio. (E) Dissolved inorganic nitrogen. (F) Olsen phosphorus. (G) Available potassium. (H) Available calcium. (I) Available magnesium. 
Differences among treatments were evaluated using ANOVA. Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001.
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FP, further confirming that nutrient management practices significantly 
altered the composition of the soil microbial community.

3.5 Identification of indicator 
microorganisms under different nutrient 
management practices

To further investigate microbial community differences among 
treatments, LEfSe was employed to identify characteristic bacterial 
taxa associated with each fertilization regime (Figure 5A). In the 

CK group, Actinomadura, Lysobacter, Microvirga, and Streptomyces 
were identified as characteristic genera (Figure 5A). At the family 
level, Nocardioidaceae and the order Streptomycetales had the 
greatest impact on group differentiation, with LDA scores of 4.14 
and 3.76, respectively (Figure  5B). In the FP group, Bacillus, 
Chitinophaga, and Devosia were the dominant genera, with 
enrichment further supported by the class Bacilli and the order 
Bacillales (Figure 5B).

In the BF treatment, norank_c__Subgroup_6 and norank_o__
Gaiellales were identified as key indicator taxa, with notable 
enrichment of the corresponding families (f_norank_c__Gaiellales, 

FIGURE 4

Characterization of bacterial communities under different nutrient management practices. (A) Chao index. (B) Shannon index. (C) PCA analysis. 
(D) PLS-DA analysis. (E) Bacterial community composition at the phylum level. (F) Bacterial community composition at the genus level. (G) Heatmap of 
bacterial abundance in the top 50 bacteria of abundance.
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LDA = 4.03; f_norank_c__Subgroup_6, LDA = 3.96). For OM, 
Meiothermus was identified as the dominant indicator 
microorganism, with the highest LDA score (4.26), suggesting a 
strong influence on community structure. To visually assess the 
relative abundance of indicator taxa across treatments, Kruskal-
Wallis rank sum tests were performed at the phylum and genus 
levels (Figure  5C). At the phylum level, Firmicutes were 
significantly enriched in the FP group (p = 0.008), while 
Acidobacteria and Chloroflexi were dominant in BF (p = 0.040) 
and OM (p = 0.008), respectively. At the genus level, Bacillus 
(p = 0.007) and Sporosarcina (p = 0.008) were significantly more 
abundant in FP, whereas norank_c__Subgroup_6 (p = 0.049), 
Gaiella (p = 0.008), and Meiothermus (p = 0.008) were dominant 
in BF and OM (Figure 5D).

3.6 Integrated analysis of soil properties 
and microbial communities under different 
nutrient management practices

Redundancy analysis (RDA), canonical correspondence analysis 
(CCA), and correlation analysis were performed to evaluate the 
relationships between soil properties and microbial communities in 
the 0–20 cm layer under each treatment (Figure 6). In the CCA plot 
(Figure 6A), available Mg (Ac-Mg), available K (Ac-K), available Ca 
(Ac-Ca), mineral nitrogen (Nmin), Olsen-P, and total nitrogen (TN) 
exerted strong positive influences on the microbial communities of 
the CK and FP treatments, with most of these soil properties showing 
the highest correlations with FP. Soil organic carbon (SOC) was not 
significantly correlated with any treatment, whereas pH and the C/N 

FIGURE 5

Screening of microorganisms characterized by different nutrient management practices. (A) LEfSe multilevel species hierarchical tree diagram. (B) LDA 
discrimination results. (C) Phylum level difference test. (D) Genus level difference test. Differences among treatments were evaluated using ANOVA. 
Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001.
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ratio were more closely associated with OM. RDA yielded a pattern 
consistent with CCA (Figure 6B), confirming that differences in soil 
properties induced by the various treatments shaped microbial 
community composition.

Correlation analysis (Figure 6C) revealed that Sphingomonas was 
strongly negatively correlated with pH (r = −0.85), while norank_c__
Subgroup_6 was positively correlated with pH (r = 0.64). With respect 
to TN, significant correlations were observed for Bacillus (r = 0.72), 
Gaiella (r = −0.81), Candidatus Nitrososphaera (r = −0.74), and 
Pseudomonas (r = −0.89). The C/N ratio showed significant negative 
correlations with Bacillus (r = −0.71) and Sphingomonas (r = −0.78), 
whereas significant positive correlations were found with norank_c__
Subgroup_6 (r = 0.64), Gaiella (r = 0.72), and Candidatus 
Nitrososphaera (r = 0.66). Similar trends were detected for mineral 
nitrogen and Olsen-P, both were positively correlated with Bacillus 
and Pseudomonas (r = 0.74–0.86) and negatively correlated with 
Gaiella, norank_c__Subgroup_6, and Candidatus Nitrososphaera. 
Collectively, the RDA/CCA and correlation analyses indicate that the 
BF treatment effectively mitigated soil nutrient losses and identified 
soil properties that drive microbial community composition.

Functional prediction of the bacterial communities (Figure 6D) 
showed that BF was enriched in pathways related to Metabolic 
pathways, Microbial metabolism in diverse environments, 
Phenylalanine metabolism, Nitrogen metabolism, Citrate cycle, and 
Carbon metabolism. These functions may enhance the transformation 
and utilization of carbon and nitrogen, thereby facilitating cucumber 
nutrient uptake and reducing residual soil nutrients.

4 Discussion

4.1 Response of cucumber growth 
performance to nutrient management 
strategies

A typical characteristic of protected vegetable production 
systems in China is their high cropping index, excessive fertilizer 
input, and severe leaching losses, all of which place significant 
pressure on environmental protection. In this study, optimizing 
fertilizer input ratios effectively improved cucumber yield. 

FIGURE 6

Integrated analysis of microbial communities and soil physicochemical properties. (A) CCA analysis. (B) RDA analysis. (C) Correlation analysis. (D) KEGG 
functional enrichment analysis.
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Compared to the CK treatment, the BF treatment increased yield 
by 53% and improved dry weight by 48.7%. This may be related to 
soil-borne diseases caused by excessive fertilizer application. 
Excessive fertilization not only exacerbates soil acidification but 
also creates favorable conditions for the occurrence of diseases 
(Wei et al., 2024; Zhang et al., 2022). In the BF and OM treatments, 
the incorporation of kaolinite and organic materials helped restore 
soil quality by reducing the input of excessive manure-based 
nitrogen, thereby mitigating the risk of soil-borne diseases. In 
addition, the study found that the optimized integrated 
management strategy of organic and inorganic fertilizers has a 
positive impact on cucumber growth. The use of slow-release 
organic fertilizers has been shown to enhance soil DIN 
concentrations and improve both grain yield and nitrogen use 
efficiency in rice production (Wang Y. et al., 2025). Mercer also 
demonstrated that under moderate irrigation and nitrogen inputs, 
cotton yield as well as nitrogen and water use efficiency were 
maximized without the need for excessive resource input (Baird 
et al., 2024). Furthermore, in the BF treatment, the application of 
commercial animal-derived organic fertilizer may have promoted 
nitrogen uptake in cucumber, thereby increasing yield. This effect 
could be  attributed to enhanced microbial transformation 
processes and the presence of bioactive compounds (Quan et al., 
2015; Chaichi et al., 2017). This study also introduced the concept 
of nutritional yield to evaluate the effects of different nutrient 
management strategies on the uptake of potassium, calcium, and 
magnesium in cucumber. The BF treatment significantly 
outperformed FP in terms of nutritional yield. By modifying the 
type and dosage of organic fertilizers and adding high-pH soil 
amendments rich in calcium, magnesium, and silicon, cucumber 
growth was promoted and nutrient uptake of Ca and Mg 
was enhanced.

4.2 Effects on soil physicochemical 
properties and DIN migration

In the present study, we found that the application of organic 
fertilizers significantly increased the concentrations of soil DIN, 
available phosphorus, and exchangeable potassium in surface soil. 
Moreover, compared to the FP treatment, the addition of 
bio-organic fertilizers and organic materials significantly 
enhanced the carbon-to-nitrogen (C/N) ratio in the topsoil, which 
is likely attributable to the type and amount of organic inputs. 
Previous studies have reported that under conventional 
fertilization regimes, large applications of organic manure lead to 
nutrient accumulation in greenhouse vegetable soils, consistent 
with our findings (Bai et al., 2020).

On one hand, the application of organic fertilizers increases total 
nutrient input, which may promote the downward movement of 
nitrogen. On the other hand, some studies suggest that the 
characteristics of organic fertilizers can also reduce nitrogen leaching 
losses (Tei et al., 2020; Xu et al., 2020). Our results indicate that the 
FP treatment led to significantly higher DIN concentrations in the 
0–60 cm soil profile than treatments with bio-organic fertilizers or 
organic materials. During the early growth stages of cucumber, root 
systems are not yet fully developed, making it difficult for roots to 
access nitrogen below 20 cm.

4.3 Effects on soil microbial communities

Soil microorganisms interact closely with the rhizosphere 
environment of crops. Based on RDA/CCA analysis of bacterial 
community composition at the genus level and soil environmental 
factors, we  observed strong associations between bacterial 
communities and soil physicochemical properties across different 
treatments. Previous studies have confirmed significant correlations 
between variations in soil nutrient content and changes in bacterial 
community structure, particularly with available potassium, total 
nitrogen, and total carbon (Han et al., 2025; Lin et al., 2025; Peng et al., 
2025). In our study, post-transplantation soil nutrient status exerted a 
major influence on the structure of the bacterial community.

Specifically, Actinomadura, Lysobacter, Microvirga, and 
Streptomyces were identified as characteristic genera in the CK group, 
Bacillus was dominant in FP, norank_c__Subgroup_6 and Gaiella were 
enriched in BF, while Meiothermus was predominant in OM. Microvirga 
and Streptomyces have been shown to be positively correlated with 
consecutive years of tobacco monocropping (Li et al., 2024), and are 
also considered deleterious microbes contributing to yield decline in 
soybean (Neupane et  al., 2021). The presence of these genera in 
non-greenhouse solarization cucumber soils may further affect soil 
conditions and crop growth. Norank_c__Subgroup_6 has been 
identified as a beneficial rhizosphere bacterium recruited by the 
halophyte Suaeda salsa to promote root development (Diao et al., 2024). 
Additionally, it has been implicated in antibiotic resistance regulation, 
serving as the only potential host of the sul2 gene in wheat rhizosphere 
soils (Guo et al., 2020). In the intercropping system of Pteris vittata 
L. and Sedum alfredii Hance, the application of mixed fertilizers 
increased the abundance of norank_c__Subgroup_6, contributing to the 
remediation of heavy metal-contaminated soils (Yang et al., 2025).

Regarding Gaiella, its relative abundance was increased by the 
addition of maize root exudates (from 2.7 to 4.7%), and was positively 
correlated with shoot phosphorus concentration and soil phosphatase 
activity, suggesting its potential role in phosphorus mobilization 
(Wang G. et al., 2025). Meiothermus was found to increase by 8.75% 
in relative abundance during summer fallow when soil solarization 
was combined with manure amendment, indicating its contribution 
to improved soil quality (Wang et al., 2023). The abundance changes 
of these microorganisms under different treatments mainly depend 
on the type of fertilizer, application ratio, and management practices. 
In summary, the BF treatment significantly enhanced soil bacterial 
diversity, increased the abundance of beneficial bacteria, and altered 
the microbial community structure.

5 Conclusion

This study investigated the effects of different nutrient 
management strategies on cucumber growth, soil nutrients, and 
microbial communities. The results identified that BF treatment 
outperformed other treatments in enhancing cucumber yield, dry 
weight, and nutrient uptake, particularly in terms of potassium, 
calcium, and magnesium nutritional yield. Additionally, BF 
significantly reduced the migration of inorganic nitrogen in deeper 
soil layers while also decreasing nutrient accumulation in the 0–20 cm 
soil depth. The optimization measures also altered the soil microbial 
community composition. These findings suggest that optimizing 
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nutrient management practices can improve crop productivity, reduce 
nutrient losses, and promote more sustainable agricultural practices.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

Ethical approval was not required for the study involving humans in 
accordance with the local legislation and institutional requirements. 
Written informed consent to participate in this study was not required 
from the participants or the participants’ legal guardians/next of kin in 
accordance with the national legislation and the institutional requirements.

Author contributions

X-LG: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Writing – original draft, Writing – review 
& editing. BL: Data curation, Formal analysis, Writing – original draft. 
WB: Data curation, Formal analysis, Writing – original draft. YZ: 
Software, Validation, Writing – review & editing. X-HG: Software, 
Validation, Writing  – review & editing. XC: Conceptualization, 
Methodology, Writing – review & editing. YL: Conceptualization, 
Methodology, Writing – review & editing. ST: Project administration, 
Supervision, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This research was funded 
by the National Natural Science Foundation of China (32402693), The 
Shandong Province Key Research and Development Program 
(2023TZXD088), The Shandong Provincial Natural Science 

Foundation (ZR2023QD044), the Agricultural Scientific and 
Technological Innovation project of Shandong Academy of 
Agricultural Sciences (CXGC2025C04), and the Technical System of 
Ecological Agriculture of Modern Agricultural Technology System in 
the Shandong Province (SDAIT-30-15).

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 authors declare that no Gen 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.

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.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1663041/
full#supplementary-material

References
Ahammed, I., Mondal, R., Nesa, J., Mandal, A. K., and Sadat, A. (2025). Understanding 

the role of soil microbiota and its' interplay with environment to ensure sustainable 
development for the future generations. Appl. Soil Ecol. 212:106217. doi: 
10.1016/j.apsoil.2025.106217

Bai, X., Gao, J., Wang, S., Cai, H., Chen, Z., and Zhou, J. (2020). Excessive nutrient 
balance surpluses in newly built solar greenhouses over five years leads to high nutrient 
accumulations in soil. Agric. Ecosyst. Environ. 288:106717. doi: 
10.1016/j.agee.2019.106717

Baird, J., Schwenke, G., Macdonald, B., Nachimuthu, G., McPherson, A., and 
Mercer, C. (2024). Efficiency over excess: maximising cotton lint yields with optimum 
irrigation and nitrogen fertiliser application. Field Crop Res. 315:109484. doi: 
10.1016/j.fcr.2024.109484

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and 
Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon 
data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Chaichi, M. R., Keshavarz-Afshar, R., Lu, B., and Rostamza, M. (2017). Growth 
and nutrient uptake of tomato in response to application of saline water, biological 
fertilizer, and surfactant. J. Plant Nutr. 40, 457–466. doi: 10.1080/ 
01904167.2016.1246567

Datta, S., Mazumdar, S. P., Majumdar, B., Alam, N. M., Chattopadhyay, L., Ghosh, S., 
et al. (2025). Impact of integrated nutrient management on soil microbiome diversity 
and health in rice based cropping system: insights from long-term agricultural practices. 
Rhizosphere 33:101048. doi: 10.1016/j.rhisph.2025.101048

Diao, F., Jia, B., Luo, J., Ding, S., Liu, T., and Guo, W. (2024). Arbuscular mycorrhizal 
fungi drive bacterial community assembly in halophyte Suaeda salsa. Microbiol. Res. 
282:127657. doi: 10.1016/j.micres.2024.127657

Dou, Y., Yu, S., Liu, S., Cui, T., Huang, R., Wang, Y., et al. (2025). Crop rotations reduce 
pathogenic fungi compared to continuous cropping. Rhizosphere 34:101074. doi: 
10.1016/j.rhisph.2025.101074

Dubois, B., Debode, F., Hautier, L., Hulin, J., Martin, G. S., Delvaux, A., et al. (2022). 
A detailed workflow to develop QIIME2-formatted reference databases for taxonomic 
analysis of DNA metabarcoding data. BMC Genomic Data 23:53. doi: 
10.1186/s12863-022-01067-5

Guo, H., Guan, M., Wang, Y., Li, X., Wang, H., He, C., et al. (2025). Research on the 
synergistic optimization of Scutellaria baicalensis yield, quality and soil environment by 
key microorganisms, driven by the combined approach of reducing chemical fertilizer 
usage while incorporating organic fertilizer. Ind. Crop. Prod. 229:121044. doi: 
10.1016/j.indcrop.2025.121044

https://doi.org/10.3389/fmicb.2025.1663041
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1663041/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1663041/full#supplementary-material
https://doi.org/10.1016/j.apsoil.2025.106217
https://doi.org/10.1016/j.agee.2019.106717
https://doi.org/10.1016/j.fcr.2024.109484
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1080/01904167.2016.1246567
https://doi.org/10.1080/01904167.2016.1246567
https://doi.org/10.1016/j.rhisph.2025.101048
https://doi.org/10.1016/j.micres.2024.127657
https://doi.org/10.1016/j.rhisph.2025.101074
https://doi.org/10.1186/s12863-022-01067-5
https://doi.org/10.1016/j.indcrop.2025.121044


Guan et al.� 10.3389/fmicb.2025.1663041

Frontiers in Microbiology 12 frontiersin.org

Guo, A., Pan, C., Ma, J., and Bao, Y. (2020). Linkage of antibiotic resistance genes, 
associated bacteria communities and metabolites in the wheat rhizosphere from 
chlorpyrifos-contaminated soil. Sci. Total Environ. 741:140457. doi: 
10.1016/j.scitotenv.2020.140457

Han, J., Li, Y., Li, H., Yang, H., Luo, S., Man, H., et al. (2025). Phenolic acids alleviated 
consecutive replant problems in lily by regulating its allelopathy on rhizosphere 
microorganism under chemical fertiliser reduction with microbial agents in conjunction 
with organic fertiliser application. Appl. Soil Ecol. 205:105780. doi: 
10.1016/j.apsoil.2024.105780

He, Z., Kang, B., Feng, L., Yin, Y., Yang, J., Liu, G., et al. (2025). Evaluation of nutrient 
spatial distribution and heavy metal pollution improvement in small-scale farmland 
under the action of biochar and microbial organic fertilizer. Soil Tillage Res. 248:106386. 
doi: 10.1016/j.still.2024.106386

Jin, L., Jin, N., Wang, S., Li, J., Meng, X., Xie, Y., et al. (2022). Changes in the microbial 
structure of the root soil and the yield of Chinese baby cabbage by chemical fertilizer 
reduction with bio-organic fertilizer application. Microbiol. Spectr. 10:e0121522. doi: 
10.1128/spectrum.01215-22

Kim, D.-H., Wade, T., Brym, Z., Ogisma, L., Bhattarai, R., Bai, X., et al. (2025). 
Assessing the agricultural, environmental, and economic effects of crop diversity 
management: a comprehensive review on crop rotation and cover crop practices. J. 
Environ. Manag. 387:125833. doi: 10.1016/j.jenvman.2025.125833

Li, K., DiLegge, M. J., Minas, I. S., Hamm, A., Manter, D., and Vivanco, J. M. (2019). 
Soil sterilization leads to re-colonization of a healthier rhizosphere microbiome. 
Rhizosphere 12:100176. doi: 10.1016/j.rhisph.2019.100176

Li, G. T., Gong, P. F., Zhou, J., Wang, L., Song, X., Ding, P. H., et al. (2024). The 
succession of rhizosphere microbial community in the continuous cropping soil of 
tobacco. Front. Environ. Sci. 11:1251938. doi: 10.3389/fenvs.2023.1251938

Lin, Y., Su, X., Ni, X., Fan, J., Hu, H.-W., Dai, Z., et al. (2025). Partial organic 
substitution increases microbial diversity but has divergent effects on functional 
microorganisms under various fertilization regimes in an ultisol. Climate Smart Agricult. 
2:100064. doi: 10.1016/j.csag.2025.100064

Liu, S., Xiao, Z., Xiao, Y., Liu, T., Wu, S., Ren, Z., et al. (2024). Impact of soil 
sterilization on antagonistic efficiency against tobacco mosaic virus and the rhizosphere 
bacterial community in Nicotiana benthamiana. Rhizosphere 31:100941. doi: 
10.1016/j.rhisph.2024.100941

Ma, L., Zhang, J., Li, H., Xu, M., Zhao, Y., Shi, X., et al. (2025). Key microbes in wheat 
maize rotation present better promoting wheat yield effect in a variety of crop rotation 
systems. Agric. Ecosyst. Environ. 379:109370. doi: 10.1016/j.agee.2024.109370

Mandal, S., Van Treuren, W., White, R. A., Eggesbø, M., Knight, R., and 
Peddada, S. D. (2015). Analysis of composition of microbiomes: a novel method for 
studying microbial composition. Microb. Ecol. Health Dis. 26:27663. doi: 
10.3402/mehd.v26.27663

Meier, S., de Souza Campos, P. M., Palma-Millanao, R., Rojas, N., González, M.-E., 
Muñoz, S., et al. (2025). Biochar-based controlled-release ammonium phosphate 
fertilizer: synthesis and impact on soil nutrient dynamics, wheat growth, and yield under 
controlled conditions. Environ. Technol. Innov. 39:104269. doi: 10.1016/j.eti.2025.104269

Neupane, A., Bulbul, I., Wang, Z. Y., Lehman, R. M., Nafziger, E., and Marzano, S. Y. 
L. (2021). Long term crop rotation effect on subsequent soybean yield explained by soil 
and root-associated microbiomes and soil health indicators. Sci. Rep. 11:9200. doi: 
10.1038/s41598-021-88784-6

Peng, L., Deng, S., Yi, W., Wu, Y., Zhang, Y., Yao, X., et al. (2025). Partial organic 
fertilizer substitution and water-saving irrigation can reduce greenhouse gas emissions 
in aromatic rice paddy by regulating soil microorganisms while increasing yield and 
aroma. J. Integr. Agric. doi: 10.1016/j.jia.2025.06.012

Qu, Z., Chen, Q., Deng, H., Wang, Q., Yao, S., Chen, Q., et al. (2025). Controlled-
release phosphate fertilizer improves soil fertility and soybean productivity by regulating 
soil microbial diversity and composition and increasing enzyme activities. Field Crop 
Res. 325:109836. doi: 10.1016/j.fcr.2025.109836

Qu, X., Zhang, J., Duan, Y., Zhou, W., and He, P. (2025). Optimized fertilization for 
effective suppression of soil-borne disease: differential effects on bulk and rhizosphere 
soils. Field Crop Res. 322:109725. doi: 10.1016/j.fcr.2024.109725

Quan, Z., Caiyan, L., Yi, S., Xin, C., Bin, H., Yongzhuang, W., et al. (2015). Manure 
increase the leaching risk of soil extractable organic nitrogen in intensively irrigated 

greenhouse vegetable cropping systems. Acta Agricult. Scand. B Soil Plant Sci. 65, 
199–207. doi: 10.1080/09064710.2014.990501

Smoot, M. E., Ono, K., Ruscheinski, J., Wang, P.-L., and Ideker, T. (2011). Cytoscape 
2.8: new features for data integration and network visualization. Bioinformatics 27, 
431–432. doi: 10.1093/bioinformatics/btq675

Son, J. W., Han, S., Hyun, S.-W., Song, M. S., and Ha, S.-D. (2023). Synergistic effects 
of sequential treatment using disinfectant and e-beam for inactivation of hepatitis a 
virus on fresh vegetables. Food Res. Int. 173:113254. doi: 10.1016/j.foodres.2023.113254

Su, H., Yang, Z., Liu, Z., Zhang, R., Wu, S., Li, Y., et al. (2024). Applicability of soil 
health assessment dominated by biological indicators in facility agriculture. Sci. Total 
Environ. 957:177346. doi: 10.1016/j.scitotenv.2024.177346

Taheri, P., Puopolo, G., and Santoyo, G. (2025). Plant growth-promoting 
microorganisms: new insights and the way forward. Microbiol. Res. 297:128168. doi: 
10.1016/j.micres.2025.128168

Tei, F., De Neve, S., de Haan, J., and Kristensen, H. L. (2020). Nitrogen management 
of vegetable crops. Agric. Water Manag. 240:106316. doi: 10.1016/j.agwat.2020.106316

Wang, Z., Li, D., Gruda, N. S., Duan, Z., and Li, X. (2024). Fertilizer application rate 
and nutrient use efficiency in Chinese greenhouse vegetable production. Resour. 
Conserv. Recycl. 203:107431. doi: 10.1016/j.resconrec.2024.107431

Wang, Y., Sun, J., Gao, S., He, B., Wu, Z., He, W., et al. (2025). Single-time fertilization 
of controlled release blended fertilizer optimizes soil nitrogen distribution and root 
characteristics to increase conventional japonica rice (Oryza sativa L.) grain yield and 
nitrogen use efficiency. J. Integr. Agric. doi: 10.1016/j.jia.2025.02.034

Wang, G., Yang, Y., Liu, C., Wang, Z., Liu, L., Wang, X., et al. (2025). Simulated plant-
derived exudate pulses promote maize phosphorus uptake by recruiting specific 
rhizosphere microbial communities and shaping root metabolites. Appl. Soil Ecol. 
213:106244. doi: 10.1016/j.apsoil.2025.106244

Wang, X., Zhang, L., Gu, J., Feng, Y., He, K., and Jiang, H. (2023). Effects of soil 
solarization combined with manure-amended on soil ARGs and microbial communities 
during summer fallow. Environ. Pollut. 333:121950. doi: 10.1016/j.envpol.2023.121950

Warton, D. I., Wright, S. T., and Wang, Y. (2011). Distance-based multivariate analyses 
confound location and dispersion effects. Methods Ecol. Evol. 3, 89–101. doi: 
10.1111/j.2041-210X.2011.00127.x

Wei, Q., Yin, Y., Tong, Q., Gong, Z., and Shi, Y. (2024). Multi-omics analysis of 
excessive nitrogen fertilizer application: assessing environmental damage and solutions 
in potato farming. Ecotoxicol. Environ. Saf. 284:116916. doi: 10.1016/j.ecoenv.2024.116916

Xiao, M., Jiang, S., Li, J., Li, W., Fu, P., Liu, G., et al. (2025). Synergistic effects of bio-
organic fertilizer and different soil amendments on salt reduction, soil fertility, and yield 
enhancement in salt-affected coastal soils. Soil Tillage Res. 248:106433. doi: 
10.1016/j.still.2024.106433

Xu, Y., Ma, Y., Cayuela, M. L., Sánchez-Monedero, M. A., and Wang, Q. (2020). 
Compost biochemical quality mediates nitrogen leaching loss in a greenhouse soil under 
vegetable cultivation. Geoderma 358:113984. doi: 10.1016/j.geoderma.2019.113984

Yang, C., Mai, J. H., Cao, X., Burberry, A., Cominelli, F., and Zhang, L. L. (2023). 
ggpicrust2: an R package for PICRUSt2 predicted functional profile analysis and 
visualization. Bioinformatics 39:btad470. doi: 10.1093/bioinformatics/btad470

Yang, A., Xiao, X., Shen, M., Zhou, C., Wang, X., Zhang, C., et al. (2025). Enhancing 
arsenic and cadmium phytoextraction and soil microbial response with fertilizers or 
oxalic acid in Pteris vittata L. and Sedum alfredii Hance intercropping system. Journal 
of environmental. Chem. Eng. 13:115250. doi: 10.1016/j.jece.2024.115250

Zhang, P., Wang, M., Yu, L., Xu, J., and Cai, H. (2024). Optimization of water and 
nitrogen management in wheat cultivation affected by biochar application − insights 
into resource utilization and economic benefits. Agric. Water Manag. 304:109093. doi: 
10.1016/j.agwat.2024.109093

Zhang, Y., Ye, C., Su, Y., Peng, W., Lu, R., Liu, Y., et al. (2022). Soil acidification caused 
by excessive application of nitrogen fertilizer aggravates soil-borne diseases: evidence 
from literature review and field trials. Agric. Ecosyst. Environ. 340:108176. doi: 
10.1016/j.agee.2022.108176

Zhao, Q., Feng, J., Guo, S., Yang, S., Jing, R., Zhang, X., et al. (2025). Water-fertilizer 
regulation improves yield, quality, and water-fertilizer use efficiency of greenhouse 
lettuce by altering the bacterial community in nutrient solutions. J. Agricult. Food Res. 
21:101976. doi: 10.1016/j.jafr.2025.101976

https://doi.org/10.3389/fmicb.2025.1663041
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2020.140457
https://doi.org/10.1016/j.apsoil.2024.105780
https://doi.org/10.1016/j.still.2024.106386
https://doi.org/10.1128/spectrum.01215-22
https://doi.org/10.1016/j.jenvman.2025.125833
https://doi.org/10.1016/j.rhisph.2019.100176
https://doi.org/10.3389/fenvs.2023.1251938
https://doi.org/10.1016/j.csag.2025.100064
https://doi.org/10.1016/j.rhisph.2024.100941
https://doi.org/10.1016/j.agee.2024.109370
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.1016/j.eti.2025.104269
https://doi.org/10.1038/s41598-021-88784-6
https://doi.org/10.1016/j.jia.2025.06.012
https://doi.org/10.1016/j.fcr.2025.109836
https://doi.org/10.1016/j.fcr.2024.109725
https://doi.org/10.1080/09064710.2014.990501
https://doi.org/10.1093/bioinformatics/btq675
https://doi.org/10.1016/j.foodres.2023.113254
https://doi.org/10.1016/j.scitotenv.2024.177346
https://doi.org/10.1016/j.micres.2025.128168
https://doi.org/10.1016/j.agwat.2020.106316
https://doi.org/10.1016/j.resconrec.2024.107431
https://doi.org/10.1016/j.jia.2025.02.034
https://doi.org/10.1016/j.apsoil.2025.106244
https://doi.org/10.1016/j.envpol.2023.121950
https://doi.org/10.1111/j.2041-210X.2011.00127.x
https://doi.org/10.1016/j.ecoenv.2024.116916
https://doi.org/10.1016/j.still.2024.106433
https://doi.org/10.1016/j.geoderma.2019.113984
https://doi.org/10.1093/bioinformatics/btad470
https://doi.org/10.1016/j.jece.2024.115250
https://doi.org/10.1016/j.agwat.2024.109093
https://doi.org/10.1016/j.agee.2022.108176
https://doi.org/10.1016/j.jafr.2025.101976

	Soil disinfestation and optimized nutrient management reduces nitrogen leaching and shapes soil microbial community composition in greenhouse cucumber production systems
	1 Introduction
	2 Materials and methods
	2.1 Experimental sites and plant materials
	2.2 Experimental design and field management
	2.3 Sample collection
	2.3.1 Cucumber sample collection
	2.3.2 Soil sample collection
	2.4 Sample measurements
	2.4.1 Cucumber yield, dry weight, nitrogen uptake, and K, Ca, Mg nutrient uptake
	2.4.2 Soil DIN and basic properties measurement
	2.4.3 Soil bacterial DNA extraction and analysis
	2.5 Statistical analysis

	3 Results
	3.1 Effects of different nutrient management practices on the growth of greenhouse cucumber
	3.2 Effects of different nutrient management practices on soil DIN migration
	3.3 Effects of different nutrient management practices on basic soil properties
	3.4 Effects of different nutrient management practices on soil microbial communities
	3.5 Identification of indicator microorganisms under different nutrient management practices
	3.6 Integrated analysis of soil properties and microbial communities under different nutrient management practices

	4 Discussion
	4.1 Response of cucumber growth performance to nutrient management strategies
	4.2 Effects on soil physicochemical properties and DIN migration
	4.3 Effects on soil microbial communities

	5 Conclusion

	References

