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Abstract: Integrated cultivation practices help reduce economic costs and increase crop yield. 
However, it is unclear how integrated cultivation practices improve soil microbial diversity and its 
related mechanism in rice field. Therefore, four integrated cultivation practices i.e., no N application 
(N0), local farmers’ practice (FP), high-yield and high-efficiency practice (HYEY), and super-high-
yield cultivation practice, impacts on soil properties and structure composition of microbial 
community were explored. Compared with N0, SHY treatment, significantly increased soil alkaline 
nitrogen and organic matter contents. HYHE and SHY treatments significantly altered soil fungal 
community and Alpha diversity. Based on Venn diagram analysis, the composition of bacterial 
communities under all treatments was similar, but with different compositions of fungal 
communities. Cluster analysis indicates that the Proteobacteria was the absolute dominant group of 
bacterial communities, and Chloroflexi, Bacteroidetes, and Acidobacteria were the dominant group. 
Different cultivation methods also led to changes in the main factors affecting soil bacteria and fungi 
composition. Available potassium and organic matter were the main environmental factors that 
affected bacteria, with the strong of available potassium on the soil. Correlation network analysis 
showed that HYEY substantially increased the number of positive correlations among soil fungi. To 
sum up, SHY and HYEY were beneficial management options in terms of improved soil fertility 
Alpha diversity of the soil bacterial community respectively.  

Keywords: rice; integrated cultivation practices; microbial diversity; environmental factors 
 

1. Introduction 
Microorganisms are ubiquitous in various environments, while the soil is the habitat with the 

most abundant microbial diversity on the earth (Vogel et al., 2009). Soil microorganisms can play a 
key role in soil carbon mineralization and accumulation, which determines soil nutrient circulation 
and soil fertility (Zhang et al., 2019). Nevertheless, soil microbes are very sensitive to subtle 
environmental differences caused by environmental pressures or natural disturbances (Caporaso et 
al., 2012) while changes in the soil can promote biogeochemical cycles that contribute directly or 
indirectly to crop growth and quality, nutrient cycling, and sustainability of soil productivity (Huang 
et al., 2014). There is a need to assess how cultivation, fertilization, and irrigation can affect soil 
microbial diversity and community structure in rice paddy fields. The identifying efficient 
management practices in terms of improved soil microbial and nutrient status are urgently needed.  
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Fertilization changed soil nutrient status, such as increased soil organic carbon and total nitrogen, 
which provided sufficient nutrients for microorganisms and thus induces changes in soil microbial 
community composition (Chen et al., 2015; Xia et al., 2015). Long-term application of nitrogen 
fertilizer affected the composition of the rhizosphere bacterial community, and the diversity of 
rhizosphere bacteria increased with the increase of nitrogen application (Jorquera et al., 2014). 
Nitrogen fertilizer decreased the diversity of nitrification gene amoA in the paddy soil and 
significantly changed the community composition of amoA and hao (Chen et al., 2011). Phosphate 
fertilizer promoted soil phosphorus activation and release, significantly increased soil available 
phosphorus content, and then changed soil microbial community composition (Grover et al., 2004). 
The relative abundance of beneficial microorganisms under the action of phosphorus fertilizer was 
increased and became the dominant flora. Balanced nitrogen, phosphorus, and potassium 
fertilization in the rice ecosystem significantly increased bacterial diversity (Su et al., 2015). The 
irrigation mode directly affected the change in soil water content, while the soil microbial community 
structure and function were directly affected by the degree of soil water fluctuation (Meisner et al., 
2018). Even the drastic fluctuation of soil moisture affected the microbial-mediated turnover of soil 
elements such as carbon and nitrogen, and then continuously affected subsequent soil processes and 
ecosystems (Manzoni et al., 2012). Dangi et al. (2016) showed that furrow irrigation significantly 
improved the number of gram-positive bacteria and actinobacteria, while drip irrigation significantly 
increased the number of fungal gram-negative bacteria. Changes in irrigation mode can significantly 
affect the functional diversity of soil microbial community, and the carbon sources used by soil 
microorganisms in flooded irrigation for a long time were mainly lipids, the carbon sources used in 
intermittent irrigation and moistening irrigation were mainly amino acids and sugars, respectively 
(Li et al., 2020). Changes in cultivation mode strongly altered the soil microenvironment mainly 
through soil disturbance, and then affected the structure and functional diversity of the soil microbial 
community (Gil et al., 2010). The combination of conventional tillage and rotary tillage to retain crop 
residues could help to establish a stable and functional soil environment for soil bacterial 
communities in double-cropping paddy fields in southern China, long-term conventional tillage and 
rotation contributed to the improvement of microbial richness, Shannon index, and Macintosh index 
(Tang et al., 2021). The microbial community structure of light and simplified direct seeding rice field 
and mechanized transplanting rice field was significantly different from transplanting treatment (Lin 
et al., 2020). Rice seedling broadcasting partially overlapped with transplanting, but the impact of 
four cultivation methods on the Shannon index and Simpson index of soil microorganisms did not 
reach a significant level  

Heilongjiang Province is the main distribution area of rice in the cold region of China, and is the 
largest and the most important japonica rice production area. The rice planting area has reached 3.72 
million hectare and the total rice yield reached 26.114 million tons in 2019 (Chen et al., 2020). In recent 
years, reducing the yield gap and increasing total crop yield via., integrated cultivation techniques is 
a hot topic in rice production. However, at present, the effect of multiple cultivation techniques on 
soil microbes is not clear. Therefore, it is particularly important to construct several cultivation 
techniques and explore how these practices change soil microorganisms and soil nutrient status. In 
our previous studies, we found that increased N, P, and K accumulation from the heading stage to 
the mature stage under HYEY and SHY treatment may contribute to increased rice yield (Lv et al., 
2020). Comparing the differences in soil microbial diversity and community structure in rice fields 
under different cultivation methods elucidated the mechanism of rice yield difference in the cold 
regions. 

2. Materials and Methods 
2.1. Plant Materials and Experimental Field 

The experiment was carried out in the paddy field of farmers in Wangjiaweizi (46°40′N, 
125°07′E), Daqing City, Heilongjiang Province in 2021 and 2022. The soil of the experimental field 
was sodic saline-alkali soil. The rice variety Kenjing 8 (13 leaves on the main stem) was used as the 
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experimental material. The harvests were performed on 23 September 2021 and 25 September 2022, 
respectively.  

2.2. Experimental Design 

Experiments were performed using a randomized block design with a plot size of 150m2 three 
replicates per treatment. The experiment consisted of four treatments: no N application (N0), local 
farmers’ practice (FP), high-yield and high-efficiency practice (HYEY), which applies alternate 
wetting and drying irrigation and increasing manure to improve yield and resource-use efficiency, 
and super-high-yield practice (to obtain a high yield regardless of labor or fertilizer input; SHY). 
Treatment details are given in Table 1. Seedlings were raised using dry bed method under 
greenhouse conditions (with a sowing rate of 250 g/m2 of sprouts) and pot method (with a sowing 
rate of 3 sprouts per pot hole). Seedlings were transplanted after 35 days of sowing with a parallel 
row (transplanting density 30 cm × 10 cm) and alternate wide and narrow rows planting patters 
[transplanting density (20-40) cm × 13.3cm]. Irrigation including shallow water flood irrigation i.e., 
maintained a 2-3 cm shallow water layer during whole growth period and alternate wetting and 
drying irrigation for example, first irrigation was 2-3 cm shallow water layer until the soil water 
potential reached -20 kPa (monitored the soil water potential with a negative pressure gauge, placed 
the bottom of the clay head at the 15 cm soil layer). After this, irrigated a 2-3 cm shallow water layer 
frequently during entire growth period and stopped irrigation one week before harvest (light sun 
drying at the end of tillering stage). Chemical fertilizers included urea (N46%), diammonium 
phosphate (N18%, P2O5 46%), potassium sulfate (K2O 50%), nano silicon fertilizer (effective silicon ≥ 
55%, manufacturerʹs name). Organic fertilizer was classified as compound fertilizer (N+P+K ≥ 5%, 
organic matter ≥ 40%). Nano-silicon fertilizer was applied to seedling bed before transplanting. 
Guifuji was applied as basal fertilizer. Nitrogen fertilizer was applied at 4:3:1:2 ratio during pre-
transplanting, re-greening, primary tillering, panicle initiation, and spikelet differentiation stages, 
respectively. Phosphate fertilizer (P2O5) was applied as basal fertilizer. Potassium fertilizer (K2O) was 
applied at the ratio of 6:4 at the pre-transplanting and panicle initiation stage, respectively. The pre-
transplanting, re-greening, primary tillering, panicle initiation, and spikelet differentiation fertilizer 
were applied at 12d before transplanting (1 May 2021 and 4 May 2022), vegetative (19 May 2021 and 
28 May 2022),8.5 leaf age (2 June 2021 and 25 June 2022) and 10.5 leaf age (6 July 2021 and 12 July 
2022), respectively. Each treatment was irrigated and drained separately to prevent mutual influence. 
Weeds, pest and diseases were controlled.  

Table 1. Fertilization application regime and cultivation practices under different cultivation modes(Lv et al., 
2022). 

Treatment SRP PP IM 
TNFA 

(ha−1) 

CF (ha−1) 

Nano-

Silicon 
Guifuji 

N0 DBM PW SWF 0 - - 

FP DBM PW SWF 150 - - 

HYEY DBM PW AWD 160 450 - 

SHY PRM AWNW AWD 180 450 15 

SRP: seedling-raising patterns; PP: planting patters; IM: irrigation methods; AI: amount of irrigation; TNFA: total 
N fertilizer application; CF: compound fertilizer; N0: no nitrogen application; FP: local farmer practice; HYP: 
high-yield and high-efficiency practice; SHY: super-high-yield practice; DBM: dry bed method; PRM: potted 
raising method; PW: parallel row; AWNW: alternating wide and narrow rows; SWF: shallow water flood 
irrigation; AWD: alternate wetting and drying irrigation. 
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2.3. Soil Sample Collection 

At the heading stage, rhizosphere soil was collected at depth of 20 cm in 2022. Then tried to take 
the soil close to the root surface (mixed 3 rice plants to 1 sample for each plot). A soil sample was 
naturally dried, grinded and sifted by 1 mm sifter for soil chemical determination. A fresh soil sample 
was transported to the laboratory in the ice bags and was stored at −80 ℃ refrigerator for the 
determination of soil microbial diversity. 

2.4. Measurement of Soil Physical and Chemical Properties 

Soil organic matter content was determined by potassium dichromate volumetric method and 
external heating method; soil alkali-hydrolyzed nitrogen content was determined by diffusion 
absorption method. Soil available phosphorus content was determined by extraction of sodium 
bicarbonate-molybdenum antimony anti-colorization method. Soil available potassium content was 
determined by ammonium acetate extract-AAS method (Bao, 2005). Soil microbial diversity was 
investigated by Biomarker Technologies Co,LTD (Shanghai). The Illumina HiSeq technique was 
used for samples clustering and diversity analysis. 

2.5. Data Analysis 

Microsoft Excel 2010 was used for data sorting, and the physical and chemical properties of soil 
and microbial diversity index were statistical analyzed by SPSS 17.0 software. The differences were 
identified statistically significant at P<0.05 level. The bioinformatic analysis in this study was 
completed using the Biomarker Biocloud Platform (www.biocloud.org, accessed on August 6, 2024). 

3. Result 
3.1. Effects of Integrated Cultivation Practices on Soil Nutrients in Paddy Field 

Changes in available nutrients, organic matter, and pH of paddy soil under integrated 
cultivation practices are shown in Table 2. The soil alkaline nitrogen content among the four 
treatments is in the order SHYP>HYP>FP>N0. The alkali hydrolyzed nitrogen content of SHYP and 
HYP was significantly higher than other treatments. Compared with N0 and FP, SHYP treatment 
increased alkali-hydrolyzed nitrogen by 43.4% and 28.1%, while HYP treatment increased alkali-
hydrolyzed nitrogen by 28.2% and 14.5%, respectively. The content of available phosphorus and 
available potassium under N0 soil was the highest, while the content of FP was the lowest. Available 
potassium under HYP and SHYP was increased by 38.4% and 15.9%, respectively. SHYP significantly 
increased the content of soil organic matter by 25.6%, 14.9%, and 11.5% compared with N0, FP, and 
HYP, respectively; Compared with N0, FP, HYP, and SHYP showed a decreasing trend in soil pH. 

Table 2. Effects of integrated cultivation practices on soil nutrients in paddy field. 

Treatments† 
AHN‡  

mg·kg−1 
AP 

 mg·kg−1 
AK 

 mg·kg−1 
SOM 

 g·kg−1 
pH 

N0 144.06d§ 39.00a 192.48a 33.03c 8.44a 
FP 161.29c 36.23a 112.83d 36.12b 8.40a 

HYEY 184.70b 39.16a 156.10b 37.21b 8.36a 
SHY 206.55a 38.90a 130.82c 41.50a 8.33a 

† N0: no nitrogen application; FP: local farmer practice; HYEY: high-yield and high-efficiency practice; SHY: 
super-high-yield practice. ‡AHN, alkali-hydrolyzed nitrogen; AP, available phosphorus; AK, available 
potassium; SOM, soil organic matter. § Within the same column, cultivar and year, means not sharing a letter 
are significantly different at the .05 probability level according to Fisher’s LSD test. Different letters indicate 
significant differences (p < 0.05). 
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3.2. Soil Microbial Diversity in Paddy Fields (Alpha Diversity) 

Compared with FP treatment, the bacterial ACE, Chao1, and Shannon index under HYEY 
treatment was increased, while the Simpon index significantly decreased (Table 3). Under SHY 
treatment, the bacterial ACE, Chao1, and Shannon index were decreased, while the Simpon index 
increased. The fungal ACE index and Chao1 index showed N0>FP>SHY>HYEY order. The fungal 
ACE index under FP, HYP, and SHYP treatments was significantly reduced by 30.09%, 36.12%, and 
28.93% compared with N0, respectively. The Chao1 index of fungi under FP, HYEY, and SHY 
treatment was reduced by 30.06%, 36.50%, and 28.76% compared with N0, respectively. Fungal 
Simpson was in the following order HYEY>SHY>N0>FP. N0, FP, and SHY were reduced by 89.44%, 
93.22%, and 87.08% compared to HYEY, respectively. The FP decreased by 35.76% compared to N0; 
SHY increased by 22.42% compared to N0. Integrated cultivation practices mainly affect the fungal 
community Alpha diversity index, bacterial community Alpha diversity index has little impact. 

Table 3. Effects of integrated cultivation practices on the soil microbial diversity. 

Microbial species Treatments† ACE Chao1 Shannon Simpson 

Bacteria 

N0 1885.72ab‡ 1890.88a 6.72ab 0.0026bc 
FP 1886.69ab 1891.02a 6.70ab 0.0029ab 

HYEY 1895.37a 1897.22a 6.78a 0.0024c 
SHY 1867.09b 1871.71a 6.63b 0.0031a 

Fungus 

N0 731.04a 744.75a  5.11ab 0.0165b 
FP 511.07b 520.88b 5.59a 0.0106b 

HYEY 466.97c 472.93c 3.53c 0.1563a 
SHY 519.52b 530.58b 4.89b 0.0202b 

† N0: no nitrogen application; FP: local farmer practice; HYEY: high-yield and high-efficiency practice; SHY: 
super-high-yield practice. ‡ Within the same column, cultivar and year, means not sharing a letter are 
significantly different at the .05 probability level according to Fisher’s LSD test. Different letters indicate 
significant differences (p < 0.05). 

3.3. Correlation Analysis of Soil Nutrients and Microbial Diversity Index 

Soil organic matter significantly affected bacterial ACE and Chao1, with correlation coefficients 
of -0.583 (Table 4). Therefore, higher organic matter content can result in lower soil bacterial richness. 
However, the bacterial diversity index of Simpson and Shannon were not significantly affected by 
soil nutrients. Compared with bacteria, there is a certain difference in the impact of soil nutrients on 
fungal diversity. Fungal richness index ACE and Chao1 are significantly or extremely affected by 
alkaline nitrogen, available potassium, and organic matter. Soil-available potassium was the main 
influencing factor. However, the fungi diversity index Simpson and Shannon were not significantly 
affected by soil nutrients. 

Table 4. Correlation analysis of soil nutrients and microbial diversity. 

Microbial 
species 

Parameters† AHN AP AK SOM pH 

Bacteria 

ACE -0.221 0.002 0.145 -0.583* -0.080 

Chao1 -0.226 -0.074 0.153 -0.583* -0.113 
Simpson 0.36 -0.169 -0.538 0.545 -0.16 
Shannon -0.256 0 0.317 -0.423 -0.082 
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Fungus 

ACE -0.661* 0.066 0.743** -0.633* 0.39 

Chao1 -0.651* 0.068 0.732** -0.623* 0.369 
Simpson 0.258 0.114 0.153 0.032 -0.122 
Shannon -0.353 -0.15 -0.166 -0.122 0.154 

*, ** Significant at the p = 0.05 and p = 0.01 probability level, respectively. † AHN, alkali-hydrolyzed nitrogen; 
AP, available phosphorus; AK, available potassium; SOM, soil organic matter. 

3.4. Wayne Map of the Out Distribution of Soil Bacteria and Fungal 

A total number of bacterial communities OTUs was 1898, and the bacterial OTUs number 
common by N0, FP, HYEY, and SHY was 1894, 99.79% of the total, while specific OUT’s numbers of 
all four treatment were 0. FP, HYEY, and SHY could not increase the OTUs number of the bacterial 
community specificity, and the composition of bacterial community was similar under integrated 
cultivation practices (Figure 1a). The total number of fungal communities OTUs was 1413, and the 
fungal OTUs number common by N0, FP, HYEY, and SHY was 395, 27.95% of the total, while specific 
OTUs numbers of N0, FP, HYEY, and SHY were 86, 123, 53 and 107, 26.11% of the total(Figure 1b). 

(a) (b) 

  

Figure 1. Venn graph showed the number of shared and unique bacterial (Figure 1a), fungal (Figure 1b) OTUs 
among different treatments. N0: no nitrogen application; FP: local farmer practice; HYEY: high-yield and high-
efficiency practice; SHY: super-high-yield practice. 

3.5. Principal Component Analysis of Microbiology 

The contribution of the first principal component (PC1) of abscissa to the OTU difference of 
bacteria was 34.19%, the contribution of the second principal component (PC2) of ordinate to the 
difference of bacteria was 18.80%, the third principal component (PC3) co-dedicated 15.99% to 
bacterial OUT differences, and the cumulative contribution of the first principal component (PC1), 
second principal component (PC2), and third principal component (PC3) was 68.98% (Figure 2a). Soil 
bacterial community composition under the four cultivation methods was similar. The results of 
Figure 2b show that the contribution of the first principal component (PC1) to the fungal OTU 
differences was 22.04%, the second principal component (PC2) to the fungal OTU differences was 
17.67%, and the third principal component (PC3) to the fungal OTU differences was 13.12%, and the 
cumulative contribution of the first (PC1), the second (PC2), and the third principal component (PC3 
) had a cumulative contribution of 52.83%. HYEY and SHY had obvious aggregation, while N0 and 
FP behaved as separate separations. 
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(a) (b) 

  

Figure 2. Principal component analysis of the soil bacterial community (Figure 2a) and fungal community 
(Figure 2b) in the soil under different treatments. N0: no nitrogen application; FP: local farmer practice; HYEY: 
high-yield and high-efficiency practice; SHY: super-high-yield practice. 

3.6. Composition Structure of Bacterial and Fungal Community at the Phylum Level 

To explore the changes in species composition of bacteria and fungi in rice fields under different 
cultivation methods, the dominant phyla of the top 10 with relative abundance > 1% were analyzed 
by cluster analysis (Fig.3a, b). At the phylum level of bacterial (Fig.3a), Proteobacteria was an absolute 
dominant group, 34.03% - 35.50% of the total, Chloroflexi, Bacteroidetes, and Acidobacteria were 
preponderant groups of each treatment, 17.47% - 20.61%, 16.03% - 20.17% and 10.75% - 11.61%, 
respectively. The relative abundance of Proteobacteria of FP, HYEY, and SHY increased by 2.59%, 
4.32%, and 3.73% respectively compared with that of N0. The relative abundance of Chloroflexi 
showing FP>HYEY>N0>SHY, and the trend of Bacteroidetes was opposite of Chloroflexi, showed SHY 
>N0>HYEY> FP. The relative abundance of Chloroflexi of FP and HYEY increased by 10.19% and 
5.35%, respectively compared with N0; the relative abundance of Chloroflexi of SHY decreased by 
6.53% compared with N0. The relative abundance of Bacteroidetes of SHY was increased by 7.06% 
compared with N0; the relative abundance of Bacteroidetes of FP and HYEY was decreased by 14.92% 
and 12.31%, respectively compared with N0. This indicated that there was some competition between 
Chloroflexi and Bacteroidetes. The Patescibacteria, Actinobacteria and Verrucomicrobia of FP, HYEY, and 
SHY was increased compared with N0. A similar trend of Patescibacteria and Verrucomicrobia was 
HYEY>FP>SHY>N0, and the Actinobacteria of FP was the largest. The relative abundance of 
Acidobacteria, Nitrospirae, Gemmatimonadetes, and Firmicutes of HYEY and SHY all showed a trend of 
less than N0 and FP. 
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(a) 

 

(b) 

 

Figure 3. Structure and composition of the bacterial (Figure 3a) and fungal (Figure 3b) community at the phylum 
level under different treatments. N0: no nitrogen application; FP: local farmer practice; HYEY: high-yield and 
high-efficiency practice; SHY: super-high-yield practice. 

At the phylum level of funguses (Fig.3b), the relative abundance of phyla of others (the relative 
abundance ≤1 or unknown phyla) of four treatments was larger, 47.26% - 59.41% of the total. 
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Ascomycota was an absolute dominant group, 27.71% - 46.64% of the total, while the remaining nine 
phyla had a low relative abundance. The relative abundance of Ascomycota of FP, HYEY and SHY 
was increased by 42.80%, 68.31%, and 5.27%, respectively compared with N0. This explained that FP, 
HYEY, and SHY had changed the dominant phyla of fungi. The Mortierellomycota, Glomeromycota, 
Kickxellomycota, and Blastocladiomycota of FP, HYEY, and SHY were increased over N0. Notable, 
Kickxellomycota and Blastocladiomycota were not present in N0, but Kickxellomycota and 
Blastocladiomycota appeared in FP, HYEY, and SHY. While Aphelidiomycota only existed in N0 and 
HYEY, the relative abundance was 0.029% and 0.075%, respectively. Moreover, the Basidiomycota of 
FP and SHY all increased compared with N0. Rozellomycota, Chytridiomycota, and Monoblepharomycota 
of FP, HYEY, and SHY were decreased compared with N0. 

Based on RDA linear model, the relationship between soil bacteria, fungal community and 
environmental factors in rice paddy fields was explored (Fig.4a, b). The principal elements 1 and 2 of 
environmental factors respectively explained 18.72% and 15.79% of the bacterial community, and the 
total explained 34.51% (Fig. 4a). The environmental factors that affected the composition of species at 
the phylum level of bacterial communities were available potassium and organic matter. 
Proteobacteria was positively correlated with soil alkali-hydrolyzed nitrogen and organic matter and, 
negatively correlated with available phosphorus, pH, and available potassium. Chloroflexi was 
negatively correlated with alkali-hydrolyzed nitrogen, available phosphorus, available potassium, 
organic matter, and pH. This also explained the low relative abundance of Chloroflexi in N0. 
Bacteroidetes were the opposite, which all positively correlated with alkali-hydrolyzed nitrogen, 
available phosphorus, available potassium, organic matter, and pH. Acidobacteria was positively 
correlated with soil alkali-hydrolyzed nitrogen and organic matter, and negatively correlated with 
available phosphorus, pH, and available potassium. 

(a) 
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(b) 

 

Figure 4. Redundancy analysis of the relationship between soil microbial community (Figure 4a bacterial, Figure 
4b fungal) distribution and soil properties under different treatments. N0: no nitrogen application; FP: local 
farmer practice; HYEY: high-yield and high-efficiency practice; SHY: super-high-yield practice. AHN, alkaline 
hydrolyzable nitrogen; AK, available potassium; AP, available phosphorus; SOM, soil organic matter. 

According to Fig. 4b, the principal elements 1 and 2 of the environmental factors respectively 
explained 29.79% and 14.23% of the fungal community, and a total explained 44.02%. Available 
potassium was the main factor that affected the species composition of the fungal community at the 
phylum level, followed by organic matter. Ascomycota, Basidiomycota, Mortierellomycota, and 
Blastocladiomycota were positively correlated with soil alkali-hydrolyzed nitrogen and organic matter, 
and negatively correlated with available phosphorus, available potassium, and pH, but the degree of 
correlation varied by fungal species. Rozellomycota was negatively correlated with soil alkali-
hydrolyzed nitrogen and organic matter, and positively correlated with available phosphorus, 
available potassium, and pH. 

3.7. Species Correlation Network Analysis 

To further explore the changes in the relationship between the species of soil microbial 
communities under each treatment, a species correlation network diagram was drawn based on 
python. The correlation network diagram was constructed based on the abundance of each species 
in each sample as well as the changes in Spearman (Spearman ) rank correlation analysis, and 
screening the data with correlation greater than 0.1 and p-value less than 0.05. 

The number of pairwise positively correlated bacterial species in the N0 treatment (Figure 5a) 
was 61, while it was 48 in the FP treatment (Figure 5b), 45 in the HYEY treatment (Figure 5c), and 55 
in the SHY treatment (Figure 5d). The number of positively correlated bacterial species among the 
top 50 most abundant genera across treatments followed the order: N0 > SHY > FP > HYEY. 
Compared to FP, the number of positively correlated species in SHY increased by 14.58%, while in 
HYEY, the number of positively correlated species decreased by 26.23% compared to N0. 
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(h) 

 
Figure 5. a-d represent bacterial community species network maps for N0, FP, HYEY, and SHY, respectively. e-
h represent fungal community species network maps for N0, FP, HYEY, and SHY, respectively. Each node 
represents each dominant phylum and is identified by a different color. The edge connecting two nodes indicates 
the correlation between two phyla, with the orange line indicating a positive correlation, and the green line 
indicating a negative correlation. The node size indicates the degree of association between the g phyla and other 
phyla of the community. The node size increases with the degree. Different colors represent different degrees of 
nodes. 

In the N0 treatment (Figure 5e), the number of pairwise positively correlated fungal species was 
36, while it was 48 in the FP treatment (Figure 5f), 77 in the HYEY treatment (Figure 5g), and 51 in 
the SHY treatment (Figure 5h). The number of positively correlated fungal species among the top 50 
most abundant genera across treatments followed the order: HYEY > SHY > FP > N0. Compared to 
FP and N0, the number of positively correlated fungal species in HYEY increased by 60.42% and 
113.39%, respectively. Similarly, in SHY, the number of positively correlated fungal species increased 
by 6.25% and 41.67%, compared to FP and N0, respectively. These results suggest that the HYEY 
treatment significantly influences fungal interactions in the soil. 

4. Disscussion 
Alpha diversity occurs within a particular region or ecosystem, and is a comprehensive indicator 

reflecting the species ́ richness and diversity of a single sample(Grice et al., 2009). In the current study, 
integrated cultivation practices affected the richness index (ACE, Chao1 index) and diversity index 
(Shannon, Simpson index) of soil bacteria. HYEY had the highest richness indexes (ACE and Chao1 
index) and the highest Shannon index, and had the lowest Simpson index. This indicated that high-
yield cultivation methods can not only improve bacterial community richness, but also improve 
bacterial community diversity. The soil microbial diversity of FP was second only to that of HYEY. 
The changing trend of soil microbial diversity of SHY was contrary to HYEY. SHY had the lowest 
richness indexes (ACE and Chao1 index) and Shannon index, and the highest Simpson index due to 
excessive nitrogen application. Microbial diversity is very sensitive to environmental changes and 
management practices (Amadou et al., 2020), like fertilization or long-term nutrient inputs can easily 
affect the richness and diversity of the soil bacterial communities(Zhong et al., 2010). Overuse of 
nitrogen application in dryland soil led to reduced diversity of bacterial communities (Zeng et al., 
2016). It has been shown that bacterial diversity was negatively associated with nitrogen application 
(Ling et al., 2017). Therefore, excessive nitrogen application may be a factor in reduced bacterial 
diversity under SHY soil. The effect of nitrogen application on the bacterial diversity in the soil was 
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also significantly related to the water management system (Dai et al., 2018). This may be because 
bacteria were able to move and acquire nutrients in the soil environment using the flow of water 
membranes (Evans et al., 2012). Hamer et al. (2007) believed that with soil moisture content reduced, 
part of the active water-sensitive microbial cells disintegrated and died. Alternating dry and wet 
conditions can lead to reduced soil bacteria diversity in the rice ecosystem (Zhuang et al., 2017). 
Nitrogen application level of HYEY may be suitable for saline-alkali soil microbial growth, and on 
the other hand, Guifuji biological organic fertilizer may be conducive to the formation of microbial 
diversity. The combined use of two factors eliminated the negative effects of alternate drying and 
wetting. High levels of nitrogen application and alternate drying and wetting may be the main 
reasons for reduced microbial diversity for SHY. Soil pH has been shown the main factor affecting 
the structure and abundance of soil microbial communities (Zhao et al., 2014). In particularly, bacteria 
were most significantly affected by pH (Ahn et al., 2012). The relevant analysis of this test found that 
organic matter was the main factor affecting the bacterial diversity of soil bacteria, and the higher the 
soil organic matter content, the lower the richness and degree of soil bacterial community diversity. 
After the application of nitrogen and phosphorus and potassium fertilizer, the soil pH was weaker 
acidic (i.e. neutral or alkaline) which determine soil organic carbon as a key factor affecting the soil 
bacterial diversity (Dai et al., 2018). In this test, due to the obstacles of saline-alkali soil itself, changes 
in soil pH from N0 to SHY were small, and the impact of soil pH on bacterial diversity may also be 
reduced, and organic matter, as the matrix of heterotrophic bacteria, was more important in affecting 
bacterial diversity than soil pH. In addition, rice transplanting method, fertilization, soil available 
nutrients, and other biological and non-biological factors all affected the bacterial diversity of the soil. 

In this study, compared to the Alpha diversity of soil bacterial communities, the cultivation 
methods had a more significant influence on the richness and diversity of the soil fungal phyla. The 
ACE and Chao1 indexes of the fungal community of 4 treatments all showed N0>FP>SHY>HYEY, 
and those of N0 were significantly higher than those of FP, HYEY, and SHY; the Shannon index of 
the fungal community of 4 treatments showed FP>N0> SHY>HYEY, and that of FP was significantly 
higher than N0, HYEY, and SHY; This suggested that HYEY and SHY were detrimental to fungal 
community growth. Comparison with Alpha diversity of soil bacterial communities showed that 
HYEY was beneficial to bacterial growth and inhibited fungal growth. This was likely because the 
HYEY soil environment was suitable for bacterial growth, increasing the number of some beneficial 
microbial bacteria in the bacterial community, and the coexistence of multiple soil microorganisms 
inhibited each other (Chen et al., 2015). Through soil microbial competitive exclusion(Eldridge et al., 
2017), certain beneficial microbial bacteria in the bacteria community may inhibit harmful fungi in 
the fungus community, thus reducing the richness and diversity of fungal phyla in HYEY soil. 
Inorganic fertilizers not only significantly reduced fungal species, but also led to a decrease in fungal 
richness and diversity, and altered dominant fungal populations(Chen et al., 2017). The application 
of nitrogen reduced the richness and diversity of fungal classification and changed the community 
structure (Ji et al., 2018). This may be because fertilization stimulated the mass growth of certain 
specific microorganisms, but suppressed other microorganism growth, causing a decline in diversity 
(Chen et al., 2015). Studies also believed that root secretions affected fungal diversity (Liu et al., 2020). 
Peanut root secretions had more influence on the fungal community than on the bacterial community, 
and the growth of Mortierella and terrestrial bi-basidiomycetes was inhibited by the peanut root 
secretion of phenolic acid, thus reducing the relative abundance (Li et al., 2014). Fertilization 
promoted crop root metabolism and increased root secretion (Gao et al., 2005). Therefore, rice root 
secretions may be one of the factors affecting the diversity of fungal communities. In addition, the 
mycelium of soil fungus can both redistribute water(Vries et al.,2012), or obtain nutrients from the 
soil pores to relieve the pressure of water stress(Barnard et al., 2013), so the fungus is more resistant 
to water stress than bacteria (Zhu et al., 2019). Bacterial growth was reduced by alternating dry and 
wet, and the fungus remained unchanged (Bapiri et al., 2010). In this test, dry-wet alternation may 
have less or no impact on the diversity of fungal communities in HYEY, SHY soil. Alkali-hydrolyzed 
nitrogen and organic matter were significantly negatively related with ACE, Chao1 index, available 
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potassium was significantly positively related with ACE, Chao1 index, alkali-hydrolyzed nitrogen, 
the relationship between available potassium, organic matter, and Shannon、Simpson index was 
insignificant. The high content of alkali-hydrolyzed nitrogen and organic matter in HYEY, SHY soil 
resulted in a reduction of soil fungal richness. Available potassium content in N0 soil was the highest 
which resulted in increased soil fungal richness. 

In this study, the Proteobacteria in rhizosphere soil were all absolute dominant groups under 
different cultivation methods, Chloroflexi, Bacteroidetes, and Acidobacteria were dominant groups. 
These bacteria may play an important role in rhizosphere soil. Proteobacteria is a symbiotic bacterium 
that grows rapidly in a C-rich environment (Jenkins et al., 2010) and is involved in the biocirculation 
of essential mineral nutrients in the soil (Celine et al., 2008).The high proportion of Proteobacteria in 
rhizosphere soil was conducive to the maintenance of soil fertility and plant growth (Chaudhry et al., 
2012).The Proteobacteria was highly responsive to N input and the relative abundance increased with 
nitrogen application (Dai et al., 2018). The test results showed that FP, HYEY, SHY increased the 
relative abundance of Proteobacteria compared to N0, and Proteobacteria abundance of HYEY, SHY 
was higher than FP. RDA analysis showed that Proteobacteria was positively associated with alkali-
hydrolyzed nitrogen and organic matter. This indicated that the increase of Proteobacteria abundance 
in rhizosphere soil favored the accumulation of alkali-hydrolyzed nitrogen and organic matter, while 
high organic matter content had high organic carbon content. This in turn stimulated Proteobacteria 
growth. Proteobacteria was negatively associated with available phosphorus, available potassium, and 
pH. This further explained why the Proteobacteria relative abundance of SHY was slightly lower than 
HYEY. In this study, FP, HYEY, and SHY reduced the relative abundance of the Firmicutes compared 
with N0, and showed the opposite trend to Proteobacteria. There was a nutritional competition 
between Proteobacteria and Firmicute (Tang et al., 2021). Rodrigues et al. (2013) believed that Firmicutes 
was also a trophic organism, and high carbon stimulated its growth. But Firmicutes was also an 
oligotrophic bacterium (Freedman et al., 2013), and high nitrogen application reduced its abundance 
(Li et al., 2020a). According to the above views, the presence of Proteobacteria and the relationship 
between nitrogen application amount and Firmicutes explained the decrease of the Firmicutes relative 
abundance of FP, HYEY, and SHY. RDA analysis found that Firmicutes had a positive correlation with 
alkali-hydrolyzed nitrogen, available phosphorus, available potassium, organic matter, and pH. This 
explained the reason that the Firmicute’s relative abundance of HYEY, and SHY was higher than that 
of FP. Chloroflexi was mainly inclined to anaerobic conditions (Li et al., 2020b), was the main 
degradation of sugar and polysaccharide (Podosokorskaya et al., 2013), enhanced the crop absorption 
of soil nutrients(Kragelund et al., 2007). This study showed that FP, and HYEY increased the relative 
abundance of Chloroflexi compared to N0, while SHY decreases the relative abundance of Chloroflexi. 
RDA analysis showed that Chloroflexi had a negative correlation with alkali-hydrolyzed nitrogen, 
available phosphorus, available potassium organic matter, and pH, which suggested that the reduced 
relative abundance of Asperglum favors the preservation of SHY soil fertility. Bacteroidetes was an 
anaerobic or facultative anaerobic eutrophic bacteria, a relative abundance of Bacteroidetes increased 
at a high organic level (Li et al., 2006). This study showed that Bacteroidete’s relative abundance of 
FP, HYEY decreased compared to N0, and the soil organic matter content of SHY was significantly 
higher than N0, FP, HYEY, thus the relative abundance of Bacteroidetes was the highest. Bacteroidetes 
had a Phosphate-solubilizing function and was positively associated with available phosphorus 
content (Wang et al., 2020). Acidobacteria was recognized as oligotrophic bacteria(Pascault et al., 2013) 
The high nutritional environment of HYEY, SHY reduced the relative abundance of the Acidobacteria 
compared to FP. Generally, acid bacteria can adapt to acidic soil environments with low pH (Lauber 
et al., 2008). This test also showed that Acidobacteria had a negative association with pH. 

In agricultural soils, Ascomycota was the largest group of fungi, which degraded nonpeer fishable 
organic matter in the soil, and increased as nutrients increased(Leff et al., 2015). The experimental 
study showed that Ascomycota in rhizosphere soil of rice fields was the absolute dominant group 
under different cultivation methods, compared with N0, Ascomycota of FP, HYEY, and SHY was 
increased by 42.80%, 68.31%, and 5.27%, respectively. This suggested that high nutrient input (SHY) 
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did not increase Ascomycota abundance, but inhibited. This was because the promoting effect of alkali-
hydrolyzed nitrogen and organic matter on Ascomycota did not compensate for the inhibition of 
available phosphorus, available potassium, and pH on Ascomycota. In addition, Ascomycota had 
strong drought resistance and could survive in soil moisture-limited environments (Yan et al., 2021). 
Most Basidiomycota fungi were rotten or parasitic fungi, which were also important decompositions 
in the soil (Yelle et al., 2008), and liked the soil conditions with better ventilation (Sui et al., 2016). This 
study showed that higher abundance of Basidiomycota in SHY, which may be due to the high level of 
organic matter in SHY soils. HYEY, SHY changed the growth environment of the fungal community, 
increased the soil available nutrients and organic matter content more suitable for the growth of 
rotten fungi, but the HYEY soil environment was more suited to the Ascomycota fungus, while SHY 
was more inclined to the Basidiomycota. This also suggested that a different fungal community 
adaptation to different environments led to fungal community changes under N0, FP, HYEY, and 
SHY. 

5. Conclusion 
Different cultivation practices altered soil bacterial diversity and fungal communities. 

Compared with bacterial community diversity, the cultivation method significantly affected fungal 
community diversity. HYEY tillage practices increased the abundance and diversity of bacterial 
communities, significantly decreased the abundance and diversity of fungal communities, and 
significantly elevated positive soil fungal interactions. The richness and diversity of bacterial 
communities under SHY were decreased but fungal community abundance was increased for N0. 
Both, HYEY and SHY practices improved soil nutrient content, especially alkali-hydrolyzed nitrogen 
and organic matter. Under different cultivation methods, bacteria took Proteobacteria as the absolute 
dominant group, Chloroflexi, Bacteroidetes, and Acidobacteria as the dominant group; fungi took 
Ascomycota as the absolute dominant group. Available potassium and organic matter were the main 
environmental factors that affected the species composition at the phylum level of the bacterial 
community. Soil-available potassium was the major environmental factor that affected species 
composition at the phylum level of the fungal community. 
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