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Straw retention drives microbial 
community succession to 
improve soil C/N cycling: insights 
from a multi-year rice-based 
system
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The soil microbial community plays a crucial role in driving the decomposition 
and mineralization of plant residues, thereby affecting carbon (C) and nitrogen 
(N) cycling and storage. Straw retention provides soil with C and N sources, which 
enhances microbial community composition and nutrient cycling. While long-
term straw retention has been shown to improve soil quality and nutrient-use 
efficiency, the impacts of short-term straw-return treatment on soil quality and 
the underlying microbiological mechanism of straw in improving soil fertility and 
nutrient-use efficiency remain unclear. The present study aimed to elucidate the 
dynamic responses of soil microbial community structure and function to rice 
straw retention using a multi-year field experiment. The findings revealed that rice 
straw returned for 3 and 5 consecutive years (S3 and S5, respectively), enhanced 
soil organic carbon (SOC) and available phosphorous (AP) contents, increased 
fungal biomass, and stimulated the growth of cellulose-decomposing microbial 
communities. Furthermore, S3 and S5 treatments increased the activities of C 
cycling enzymes (β-xylosidase) and N cycling enzymes (N-acetyl-glucosaminidase 
and urease). These treatments also increased the genes abundance associated 
with C-cycling (sdimo), nitrification (amoA and amoB), and N fixation (nifH), while 
enriched genes related to C cycling and N metabolism pathways (nitrification and 
nitrate reduction). In contrast, the abundance of genes involved in denitrification 
(nirS) was reduced. However, S3 and S5 treatments led to an increased abundance 
of the plant pathogens Magnaporthe oryzae and Ustilaginoidea virens. This work 
demonstrates that short-term straw retention effectively enhances soil microecological 
environment and microbial functionality and also underscores the need for strategies 
to mitigate pathogen accumulation for sustainable agricultural practices.
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1 Introduction

Soil microorganisms are vital biological indicators for assessing agricultural soil quality and 
ecosystem functionality (Coban et al., 2022; Yuan et al., 2024; Pang et al., 2024). They play a crucial 
role in sustainable crop productivity by facilitating nutrient cycling and organic matter 
decomposition, enhancing plant immunity, and contributing to soil remediation (Klimasmith and 
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Kent, 2022). As the most active components of soil microecosystems, 
microorganisms are highly sensitive to environmental changes and 
agricultural interventions, such as tillage and fertilization (Liu et al., 2020; 
Yin et al., 2025; Zhang et al., 2023). Different fertilizer application patterns 
and management practices directly impact crop yields and significantly 
drive changes in the composition and function of soil microbial 
communities (Tang et al., 2023; Yang et al., 2025).

Rice is one of the most important food crops globally and serves 
as the main source of food for more than half of global population. 
The stable production of rice is crucial for global food security. With 
the continuous growth of the world economy and population, the 
demand for both rice yield and quality has steadily increased (Yang 
et al., 2019). To enhance rice production, large quantities of fertilizers 
are widely utilized. However, the prolonged use of chemical fertilizers 
in agriculture adversely impacts soil quality and microecology (Huang 
Y. P. et al., 2021; Yang et al., 2022), ultimately affecting soil productivity 
and health (Wang et al., 2022).

Several studies have shown that the prolonged use of chemical 
fertilizers, particularly nitrogen (N), significantly reduces soil 
microbial diversity and biomass, disrupts the stability of the bacterial 
community structures (Wang et al., 2018), and adversely affects soil 
microbial N fixation and signal transduction functions (Li et  al., 
2020). Furthermore, excessive fertilizer application can enrich 
ammonia oxidation functional genes in soil microorganisms, leading 
to nitrate accumulation, leaching, and increased N2O emissions, 
ultimately affecting soil nutrient-use efficiency and farmland 
productivity (Bai et al., 2022; Lin et al., 2025). Therefore, achieving 
sustainable agricultural production requires the implementation of 
scientific fertilization techniques that can improve soil quality and soil 
microecological environment while ensuring rice yield.

The long-term application of organic fertilizers, including animal 
manure, green manure, and crop straw, can significantly increase soil 
nutrient content (Cui et al., 2024) and microbial biomass (Cui et al., 
2023), improve soil microbial structures, and promote soil nutrient 

cycling and utilization (Zhou J. S. et al., 2024; Zhou G. P. et al., 2024). 
In China, crop straw resources are abundant, and straw is rich in 
essential nutrients, such as N, phosphorus (P), and potassium (K). 
When returned to the field, straw can mitigate the need for extensive 
chemical fertilizer application (Liu J. A. et al., 2021). Straw retention 
facilitates the transport of carbon (C) and nitrogen (N) sources to the 
soil, thereby improving microbial activity, composition, and function 
(Yuan et  al., 2023). This process increases microbial functional 
diversity (Xu et al., 2023) and improves soil nutrient availability (Wang 
Y. J. et  al., 2020), making it an effective strategy for 
sustainable agriculture.

Despite the positive effects of returning straw to the field, existing 
research has primarily focused on long-term (more than 10 years) 
straw-return treatment, while studies investigating the impacts of 
short-term (less than 10 years) straw-return treatments on soil quality 
and microecology remain limited. Additionally, the microbiological 
mechanisms through which straw improves soil fertility and 
nutrient-use efficiency are still poorly understood. The objective of 
this study was to evaluate the effects of rice straw retention on soil 
properties, soil microbial activities, and the dynamic responses of soil 
microbial community structures and potential functions under 
continuous straw retention using a 1-, 3-, and 5-year rice straw 
retention field experiment. We aimed to characterize straw-responsive 
microbial communities that drive soil nutrient cycling and elucidate 
their functional mechanisms in improving soil fertility and 
nutrient-use efficiency. Genomic DNA extracted from soil samples 
was subjected to: (i) quantitative PCR (qPCR) for microbial abundance 
quantification, (ii) Illumina MiSeq platform-based 16S rRNA gene 
sequencing for microbial community profiling, and (iii) shotgun 
metagenomic sequencing for functional gene analysis, enabling 
comprehensive tracking of microbial succession and characterization 
of key genes involved in carbon and nitrogen cycling processes. The 
soil physicochemical properties and enzyme activities related to C and 
N cycling were also elucidated. Furthermore, we assessed changes in 
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the abundance of potential plant pathogens. This study provides a 
theoretical foundation for the fertilizer utilization of straw resources 
and promotes sustainable agricultural development.

2 Materials and methods

2.1 Experimental design and sample 
collection

The experimental field was in Tongerpu Town, Dengta City, 
Liaoyang City, Liaoning Province, China (41° 45′N, 123° 04′E). The 
region is characterized by a temperate, northern continental climate 
with an average annual precipitation of 500–700 mm, an average 
annual temperature of 6–8°C, and a frost-free period of approximately 
150 days. The tested field soil comprised Hydragric Anthrosols; its 
physical and chemical properties are listed in Supplementary Table S1.

The experimental field involved four treatments (each treatment area 
was 348.84 m2, i.e., 22.80 × 15.30 m): (1) control (SCK): rice straw was not 
returned to the field; (2) S1: rice straw was returned to the field for 1 year 
(2022); (3) S3: rice straw was returned to the field consecutively for 3 years 
(2020–2022); and (4) S5: the straw was returned consecutively to the field 
for 5 years (2018–2022). The experiment was arranged in a randomized 
complete block design (RCBD) with three replicates, where all treatments 
were randomly assigned within each block to account for field variability. 
This study used the rice variety Liaojing 401, which was planted using a 
rice transplanter. Seedlings were transplanted at a row spacing of 
33.33 × 18.00 cm. Each year, rice seedlings were transplanted in early May, 
and rice plants were harvested in early October. After harvest, the rice 
straw was chopped into approximately 10 cm pieces and then directly 
returned to the field for rotational tillage. The amount of returned straw 
was 9.0 t ha−1 with the following fertilizer application rates: N 210 kg ha−1, 
P2O5 60 kg ha−1, and K2O 120 kg ha−1. Chemical N fertilizer was applied 
as a basal, tillering, and panicle fertilizer (application ratio: 5:3:2). 
Chemical K2O and P2O5 were also applied as basal fertilizers. The 
chemical N, P, and K fertilizers were urea, potassium dihydrogen 
phosphate, and potassium chloride. In mid-October 2023, five topsoil 
cores (5 cm diameter × 20 cm depth; free from visible crop roots) were 
systematically collected from inter-rows of each plot using a stainless steel 
corer and homogenized to form one composite sample per plot. A total 
of 12 fresh soil samples were collected (four treatments × three replicates), 
transported on ice to the laboratory within 1 h, and immediately passed 
through a 2-mm mesh to remove roots and rocks. The soil was then 
divided into three parts: (1) immediately stored at −80°C for molecular 
analyses (high-throughput sequencing analysis, metagenomic sequencing, 
and qRT-PCR analysis), (2) preserved at 4°C for enzyme activity assays 
within 2 h; and (3) air-dried (25°C, 7 d) for physicochemical  
characterization.

For enzyme activity measurements, we quantified the activities of 
carbon-cycling enzymes (β-glucosidase [BG], cellobiohydrolase 
[CBH], and β-xylosidase) and nitrogen-cycling enzymes (N-acetyl-
glucosaminidase [NAG], L-leucine aminopeptidase [LAP], and 
urease) using commercial kits (Shanghai Enzyme-linked 
Biotechnology, China) following the manufacturer’s protocol with the 
following modifications: soil suspensions (1:10 w/v in 50 mM acetate 
buffer, pH 5.5) were incubated at 37°C for 2–4 h depending on the 
enzyme, with reactions terminated by alkaline solution (0.5 M NaOH) 
before spectrophotometric analysis.

2.2 DNA extraction and qRT-PCR

Soil DNA was extracted from fresh soil (0.5 g) using an E.Z.N.A.® 
soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according 
to the manufacturer’s instructions. The concentration and quality of 
extracted DNA were evaluated using an ND-2000 spectrophotometer 
(Thermo Fisher Scientific, Wilmington, DE, United States).

The gene absolute abundance of the bacteria, fungi, and other 
functional microorganisms related to C and N cycling were evaluated 
using qRT-PCR. The selected genes for this evaluation included 16S 
rRNA and ITS rRNA, as well as genes associated with C cycling, 
specifically cbhI (encoding cellobiohydrolase I, EC 3.2.1.91, catalyzing 
cellulose hydrolysis), GH48 (glycoside hydrolase family 48 gene, 
involved in crystalline cellulose degradation), and sdimo (soluble 
diiron monooxygenase gene, mediating aromatic compound 
oxidation). For N cycling, the examined genes included nifH 
(nitrogenase reductase, EC 1.18.6.1, for biological N₂ fixation), amoA 
and amoB (ammonia monooxygenase subunits, EC 1.7.3.4, for 
nitrification), narG (respiratory nitrate reductase, EC 1.7.99.4, for 
nitrate reduction), nirK and nirS (copper- and cytochrome cd₁-type 
nitrite reductases, EC 1.7.2.1, for denitrification), and nosZ (nitrous 
oxide reductase, EC 1.7.2.4, for N₂O reduction). To evaluate the effects 
of continuous straw return on the abundance of rice pathogenic fungi 
in soil, we quantified the gene copy number of Magnaporthe oryza and 
Ustilaginoidea virens. Gene copy numbers (absolute abundance) were 
determined using qRT-PCR with a Line-Gene 9600 Plus real-time 
PCR detection system (Bioer, Hangzhou, China). Detailed information 
regarding the primers and qRT-PCR conditions is provided in the 
Supplementary Table S2 (Li et al., 2011, Sun et al., 2013, Yang et al., 
2021). Each sample was amplified in triplicate. Gene copy numbers 
were calculated using standard curves generated by amplifying known 
DNA quantities from recombinant plasmids carrying each target.

2.3 High-throughput sequencing analysis

To explore the diversity and structures of the soil bacteria and 
fungi, DNA from the soil samples was sequenced using an Illumina 
MiSeq 300 platform (Illumina, San Diego, United States). The primer 
pairs 338F/806R and ITS1/ITS2 were used for bacteria and fungi, 
respectively (Supplementary Table S2). Sequence reads were 
demultiplexed, quality-filtered using fastp (version 0.20.0; Chen et al., 
2018), and merged using FLASH (version 1.2.111). The operational 
taxonomic units (OTUs) were clustered with a 97% similarity cutoff 
using UPARSE (version 7.12). Chimeric sequences were identified and 
removed using UCHIME (Edgar 2013). The taxonomy of each gene 
sequence was analyzed using the RDP Classifier (version 2.113) against 
the Silva (Release138) and Unite (Release 8.04) databases, with a 70% 
5confidence threshold.

1 https://sourceforge.net/projects/flashpage/

2 http://drive5.com/uparse/

3 http://rdp.cme.msu.edu/

4 http://unite.ut.ee/index.php

5 http://www.arbsilva.de
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2.4 Shotgun metagenomic sequencing

DNA extracts were fragmented to an average of 400 bp using 
Covaris M220 (Gene Company Limited, China) for paired-end library 
construction. The paired-end library was constructed using 
NEXTFLEX® Rapid DNA-Seq (Bioo Scientific, Austin, TX, 
United States). Adapters containing the full complement of sequencing 
primer hybridization sites were ligated to the blunt-ends of the 
fragments. Paired-end sequencing was performed on Illumina 
NovaSeq (Illumina Inc., San Diego, CA, United States) at Majorbio 
Bio-Pharm Technology Co., Ltd. (Shanghai, China) using a 
NovaSeq  6000 S4 Reagent Kit v1.5 (300 cycles) according to the 
manufacturer’s instructions.6

2.5 Statistical analyses

The data were analyzed using the freely available Majorbio 
Cloud Platform.7 The Mothur software was used to calculate the 
alpha diversity index using random sampling. Alpha diversity 
and richness were determined at the OTU level using the 
Shannon and Chao1 indices, respectively. Analysis of variance 
was used to compare the statistical differences among groups. 
Significant differences were identified at the 95% confidence 
level. The p value was corrected using a multiple test with false 
discovery rate (FDR) and results with p < 0.05 were considered 
statistically significant. Similarities in the samples in terms of 
microbial taxa (bacteria and fungi) and profiles of gene family 
relative abundance (Kyoto Encyclopedia of Genes and Genomes 
[KEGG] and Carbohydrate-Active Enzyme [CAZy] databases) 
were measured using the unweighted UniFrac distance for 
phylogenetic relationships and the Bray–Curtis dissimilarity 

6 http://www.illumina.com

7 http://www.majorbio.com

index for gene families. A one-way analysis of the similarity test 
with 999 permutations was conducted to evaluate statistical 
significance. The Mann–Whitney U-test was used to evaluate 
differences in two-group comparisons. The p-value was corrected 
using multiple tests with a false discovery rate. Redundancy 
analysis (RDA) and Spearman’s correlation analysis were used to 
study the correlations between soil environmental factors, 
microbial community modifications, and microbial functionality 
induced by straw return over several consecutive years. Unless 
otherwise stated, statistical analyses were conducted, and plots 
were generated using R software (version 3.3.1).

3 Results

3.1 Soil physicochemical properties and 
enzyme activities under straw retention

Total N (TN), total P (TP), total K (TK), and available N (AN; 
p > 0.05) tended to improve with straw return, whereas soil organic 
C (SOC) and available phosphorous (AP) contents were 
significantly increased in S3 and S5 (p < 0.05; 
Supplementary Table S1). Straw retention also had a significant 
positive effect on the activities of C and N cycle-related enzymes 
(Supplementary Table S3), and β-xylosidase, NAG, and urease were 
increased by 69.39, 45.12, and 17.41% compared with the levels in 
the CK, respectively (p < 0.05).

3.2 Microbial communities under straw 
retention

Compared with CK, the gene copy number of the 16S rRNA in S1 
increased significantly (p < 0.05), while S3 and S5 returned to levels 
comparable to CK, with no significant differences (p > 0.05, 
Supplementary Table S4). In S3 and S5, the absolute abundance of the 
ITS rRNA gene was significantly higher (p < 0.05). These results 

FIGURE 1

Relative abundances of the bacterial (A) and fungal (B) phyla in different treatments. SCK, the straw was not returned to the field; S1, S3, and S5, the 
straw was returned to the field consecutively for 1, 3, and 5 years, respectively.
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https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://www.illumina.com
http://www.majorbio.com


Jia et al. 10.3389/fmicb.2025.1590788

Frontiers in Microbiology 05 frontiersin.org

revealed that straw retention for 3 and 5 years significantly increased 
fungal biomass but not bacterial biomass.

After quality filtering, a total of 574,880 bacteria 16Sv3-v4 and 
782,583 fungal ITS1 high-quality sequences were obtained for the soil 
samples from four treatments. Subsequently, 49,124 bacterial and 
5,517 fungal operational taxonomic units (OTUs) were assembled at 
a 97% confidence interval (Supplementary Table S5). For bacterial 
communities, S1 exhibited significantly reduced richness compared 
to CK (p < 0.05, Supplementary Figure S1), while no significant 
differences were observed in either richness or diversity among CK, 
S3, and S5 (p > 0.05). For fungal communities, the diversity and 
evenness in S5 was significantly lower than that in CK (p < 0.05), with 
no significant differences in richness or diversity detected among CK, 
S1, and S3 (p > 0.05).

The predominant bacterial phyla (>1%) in the soil included 
Chloroflexi, Proteobacteria, Actinobacteriota, Acidobacteriota, 
Bacteroidota, Desulfobacterota, Myxococcota, Nitrospirota, 
Firmicutes, Gemmatimonadota, Patescibacteria, Latescibacterota, and 
“others” (bacteria with an abundance of < 1%; Figure  1A). Straw 
retention altered the compositions of the microbial communities 
(Supplementary Table S6); retention for 1 year significantly increased 
the abundance of Actinobacteria (p < 0.05), and retention for 5 years 
significantly increased the abundances of Proteobacteria, 

Bacteroidetes, Myxococcus, and Firmicutes (p < 0.05) and significantly 
decreased that of Latescibacterota (p < 0.05). At the genus level, straw 
retention for 5 years significantly increased the abundance of 
Trichococcus and Bradyrhizobium (Supplementary Table S7).

The predominant fungal phyla (>1%) in the soil were Ascomycota, 
Basidiomycota, Mortierellomycota, Chytridiomycota, 
Monoblepharomycota, Blastocladiomycota, Rozellomycota, and 
“others” (fungi with an abundance of <1%; Figure 1B). Straw retention 
for 5 years significantly increased the abundance of Ascomycota and 
significantly decreased that of Monoblepharomycota (p < 0.05; 
Supplementary Table S6). At the genus level, straw retention for 1 year 
significantly increased the abundances of Mortierella, Mrakia, and 
Glaciozymade and significantly decreased the abundance of Tausonia. 
All abundances returned to CK levels after 3 and 5 years 
(Supplementary Table S7). Straw retention for 3 and 5 years also 
stimulated the growth of Pseudeurotium, Pseudogymnoascus, 
Sordariales, Trichosporiella, Achroiostachys, Clavidisculum, and 
Schizothecium but hindered the growth of Stellatospora and 
Linnemannia (p < 0.05). Furthermore, straw retention for 5 years 
significantly increased the absolute abundances of M. oryza and 
U. virens by 348.65 and 524.73%, respectively, compared with the CK 
(Supplementary Table S4). Correlation network analysis of fungal 
communities and pathogenic fungi (Supplementary Figure S3) 

FIGURE 2

Heatmaps indicating differences in the relative abundances of functional genes related to the C and N cycles based on the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) database. The relative abundances of the functional genes are indicated by the color intensity within the legend. The 
correlation coefficients ranging from negative to positive are indicated by color intensity changing from blue to red. SCK, the straw was not returned to 
the field; S1, S3, and S5, the straw was returned to the field consecutively for 1, 3, and 5 years, respectively.
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revealed that the abundance of U. virens was significantly positively 
correlated with Ustilaginoidea, Tausonia, Mortierellaceae, and 
Spizellomycetales (|r| > 0.5, p < 0.05), while being significantly 
negatively correlated with Sordariales and Mortierella (|r| > 0.5, 
p < 0.05). The abundance of M. oryzae was significantly positively 
associated with Bisifusarium (|r| > 0.5, p < 0.05), but significantly 
negatively correlated with Pseudeurotium (|r| > 0.5, p < 0.05). Notably, 
M. oryzae was annotated as Sordariomycetes, which may be attributed 
to incomplete taxonomic coverage of the strain in the SILVA reference 
database, particularly for certain specialized strains or newly sequenced 
variants, resulting in classification resolution limited to the class level.

PICRUSt2 analysis predicted the functional abundance of 
soil microbiota involved in C- and N-cycling enzymes 
(Supplementary Figure S4). In S3 and S5, the urease abundance 
followed a trend consistent with measured enzyme activity and was 
significantly higher than in SCK (p < 0.05). Compared to SCK, S3 and 
S5 exhibited an increasing trend in β-xylosidase and NAG abundance, 
though the differences were not statistically significant (p > 0.05).

3.3 Straw retention enriches C cycling and 
N metabolic pathway genes

Metagenomic sequencing generated 553,203,650 raw reads across 
all treatments. Following normalization, we identified 2,996,412 reads 
matching 525 carbohydrate-active enzymes (CAZymes). The CAZy 
annotation identified six primary CAZy functional gene families: 
glycoside hydrolases (GHs), glycosyl transferases (GTs), 
polysaccharide lyases (PLs), carbohydrate esterases (CEs), 
carbohydrate-binding modules (CBMs), and auxiliary activities (AAs; 
Supplementary Figure S2). In S3 and S5, the abundance of GHs in the 
soil increased significantly (p < 0.05), whereas the abundance of GTs 
and PLs decreased significantly (p < 0.05).

Straw retention for 3 and 5 years significantly increased the 
absolute abundance of sdimo (p < 0.05; Supplementary Table S4). The 
S3 and S5 treatments significantly increased the absolute abundance 
of some soil functional genes associated with N cycling, such as 
nitrification-related genes (amoA and amoB) and N fixation-related 
genes (nifH), but significantly decreased the abundance of 
denitrification-related genes (nirS; p < 0.05).

Metabolic pathway heat map analysis showed that straw 
retention stimulated the enrichment of genes involved in the C 
cycle, N metabolism, and amino acid metabolism (Figure 2). The 
results of the C cycling functional enrichment analysis showed 
that straw retention for 1 year (Figure  3A) increased the 
abundances of genes related to the metabolism of glyoxylate, 
dicarboxylate, C5-branched dibasic acid, pyruvate, propionate, 
and butanoate and decreased genes related to the metabolism of 
inositol phosphate, fructose, mannose, galactose, pentose, and 
glucuronate interconversions. Furthermore, straw retention for 
3 years increased the abundance of genes related to C fixation 
pathways in prokaryotes (Figure 3B). Straw retention for 5 years 
increased the abundance of genes related to citrate (TCA) cycling 
and C fixation in photosynthetic organisms (Figure 3C).

Functional enrichment analysis showed that straw retention 
enriched genes related to N metabolism (Figure  3D). 
Differentially enriched KEGG pathway analysis for N metabolism 
(Figure  4) showed that compared with the CK, dissimilatory 
nitrate reduction-related genes (nirD, nirB (1.7.1.15)) and 
assimilatory nitrate reduction-related genes (narB (1.7.7.2)) were 
significantly increased (p < 0.05) with straw retention. 
Conversely, straw retention decreased the abundance of 
denitrification-related pathway genes (norB, norC (1.7.2.5)). 
Furthermore, straw retention for 5 years enriched the abundance 
of L-asparaginase genes (gltB, gltD (1.4.1.13)), increasing the 
conversion between glutamine and glutamate with NH4+.

FIGURE 3

KEGG functional enrichment analysis. (A–C) Carbon cycling functional genes and (D) nitrogen metabolism genes. Green indicates genes enriched in 
the control group; red indicates genes enriched in the treatment group. The Student’s t-test was used to compare statistical differences between 
groups. The p value was corrected using a multiple test with false discovery rate (FDR). SCK, the straw was not returned to the field; S1, S3, and S5, the 
straw was returned to the field consecutively for 1, 3, and 5 years, respectively.
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3.4 Correlations among the soil microbial 
communities, microbial functions, and soil 
physiochemical properties

RDA was conducted to evaluate correlations among microbial 
communities, microbial functions, and soil physicochemical factors. AK 
significantly affected soil bacterial communities (r = 0.576; p = 0.026; 
Figure 5A), whereas soil TN (r = 0.509; p = 0.042) and AK (r = 0.465; 
p = 0.056) were positively correlated with the soil fungal communities 
(Figure 5B). SOC (r = 0.423; p = 0.122) was positively correlated with soil 
microbial C cycling and N metabolic pathways (Figure 5C).

Spearman’s correlation coefficient analysis revealed that soil TN 
was significantly positively correlated with the abundance of 
Myxococcota, and soil TP and AP were significantly negatively 
correlated with the abundance of Spirospirota. The soil AK was 
significantly positively correlated with Acidobacteriota but 
significantly negatively correlated with Firmicutes (Figure 5D).

Analysis of the soil fungi community showed that the soil SOC 
and TP significantly correlated with the abundance of Ascomycota. 
Soil TK was significantly positively correlated with the abundance of 
Rozellomycota, whereas soil AN was negatively correlated with the 
abundance of Zoopagomycota. A significant negative correlation was 
observed between soil AP and the abundance of Blastocladiomycota 
(Figure 5E).

Analysis of the microbial function pathways showed that soil 
pH, TP, and C fixation by photosynthetic organisms were 
significantly positively correlated. TP and AP were significantly 
positively correlated with the TCA cycle. Furthermore, TK was 
significantly negatively correlated with galactose, starch, and 
sucrose metabolism, and AN was significantly positively 
correlated with ascorbate and aldarate metabolism. Soil AK was 
significantly negatively correlated with carbon fixation in 
photosynthetic organisms but positively correlated with galactose 
metabolism (Figure 5F).

FIGURE 4

Analysis of differentially enriched KEGG pathways related to N metabolism (*p < 0.05; **p < 0.01; ***p < 0.001). The Student’s t-test was used to 
compare statistical differences between groups. The p value was corrected using a multiple test with false discovery rate (FDR). SCK, the straw was not 
returned to the field; S1, S3, and S5, the straw was returned to the field consecutively for 1, 3, and 5 years, respectively.
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3.5 C cycle- and N metabolism-related 
taxa and function contribution analysis

The correlations between the top  100 genera in terms of 
microbial abundance, C cycle, and N metabolism in the soil were 
evaluated using a correlation network diagram (|r| > 0.8; 
p < 0.001; Figure  6A). Thirty-three genera showed significant 
positive correlations with the C cycling pathway. Furthermore, 
Planctomycetota, Deltaproteobacteria, Terriglobia, 
Armatimonadota, Thermoanaerobaculia, Acidobacteriota, and 

Nitrospirota were significantly positively correlated with 10 or 
more C cycling pathways and N metabolic pathways, indicating 
that these bacteria form core functional microbiomes in the soil. 
In addition, g__Sphingomonas was significantly negatively 
correlated with seven C cycling and N metabolic pathways.

Species and functional contribution analysis revealed (Figure 6B) that 
the abundance of Actinomycetes, Nocardioides, Actinomycetota, 
Bradyrhizobium, Hyphomicrobiales, Alphaproteobacteria, and 
Thermoflexales increased in eight enhanced C cycling pathways. The 
abundance of Nocardioides, Bradyrhizobium, Actinomycetota, 

FIGURE 5

Redundancy analysis (RDA) and Spearman’s correlation analysis of soil physicochemical properties with bacteria (A,D), fungal microbial communities 
(B,E), and microbial functions (C,F). The p value was corrected using a multiple test with false discovery rate (FDR). *p < 0.05 and **p < 0.01.
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Burkholderiales, Hyphomicrobiales, and Thermoleophilia increased in the 
N metabolic pathways.

4 Discussion

4.1 Effects of straw retention on soil 
nutrient content

Straw decomposition releases nutrients such as C, N, P, and K, 
which enhance the availability of nutrients in the soil and increase 
soil fertility and organic matter content. Long-term, straw return 
with appropriate fertilizer can significantly enhance SOC, TN, AP, 

and AK (Su et al., 2020; Huang W. et al., 2021). In a previous study, 
short-term (5 years) straw return significantly enhanced soil SOC 
and AP levels (Xu et  al., 2021). Similarly, SOC content was 
significantly increased when corn straw was returned to the field 
for two consecutive years (Fan and Wu, 2020), which is consistent 
with our findings. In this study, straw retention for 3 and 5 years 
significantly increased SOC and AP contents in the soil. These 
results indicate that continuous straw return rapidly increases SOC 
and AP. In contrast, increases in TK, TP, TN, AN, and AK levels 
were gradual and nonsignificant, even after 5 years of continuous 
straw return. SOC is recognized as a crucial indicator of soil 
fertility and significantly contributes to the sustainability of 
agroecosystems because of its effects on soil nutrient cycling, 

FIGURE 6

Correlation network analysis between species and the C-cycle, N-metabolism (A), and functional contribution analysis (B). Statistical correlations were 
examined through Spearman’s rank-order correlation analysis, with strong significant associations defined by |r| > 0.8 and p < 0.001. The r value is 
indicated by the color intensity within the legend. The correlation coefficients ranging from negative to positive are indicated by color intensity 
changing from blue to red. Function01: pyruvate metabolism; Function02: carbon fixation pathways in prokaryotes; Function03: glyoxylate and 
dicarboxylate metabolism; Function04: butanoate metabolism; Function05: citrate cycle (TCA cycle); Function06: propanoate metabolism; 
Function07: nitrogen metabolism; Function08: carbon fixation in photosynthetic organisms; Function09: C5-branched dibasic acid metabolism.
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microbial properties, and physical structures (Liu et al., 2020; Peng 
et al., 2025).

4.2 Effects of straw retention on soil 
microbial communities

The soil microbial community, the most dynamic component of 
the soil microecosystem, is the vital biological indicator of soil quality 
and the most responsive factor to straw return (Liu et al., 2020). Straw 
retention increases microbial biomass by providing energy and 
nutrients for the growth of microbial communities (Sarker et  al., 
2019). Previous studies have found that short-term (3 years) crop 
residue return increases soil bacterial and fungal biomass (Chen et al., 
2017). Long-term (14 and 30 years) straw return increases the soil 
fungal biomass but not bacterial biomass (Liu et al., 2022; Zhao et al., 
2016). In this study, the bacterial biomass increased significantly, 
whereas the fungal biomass did not change significantly during the 
first year of straw retention. After 3 and 5 years of straw retention, the 
bacterial biomass reverted to the control levels, whereas the fungal 
biomass increased significantly. In the early stages of straw return, the 
presence of fresh, loosely structured plant residues with high water 
content attracts a large number of soil bacteria that facilitate the 
decomposition of straw. Initially, easily degradable components such 
as starch, hemicellulose, and cellulose are decomposed. In later stages, 
more recalcitrant compounds such as lignin are gradually broken 
down by soil fungi (Yu et al., 2020). With continuous straw return, the 
accumulation of lignin stimulates the growth of fungal biomass 
responsible for its decomposition.

Although 1 year of straw incorporation increased the absolute 
abundance of bacterial, it significantly decreased bacterial species 
richness. This reduction may be  attributed to straw addition 
promoting the growth of cellulose-degrading bacteria, which occupied 
ecological niches and suppressed non-cellulose-degrading bacteria. 
With continuous straw incorporation, soil fungal diversity showed a 
significant decline by the fifth year. This phenomenon primarily 
resulted from the progressive accumulation of recalcitrant lignin in 
the soil under long-term straw application. This process selectively 
enriched lignin-degrading fungi, which gradually became the 
dominant decomposers, while the abundance of non-lignin-degrading 
fungi remained stable or decreased. Consequently, these changes led 
to a less even distribution of fungal species, ultimately reducing 
overall diversity.

The bacterial community composition underwent significant 
alterations. Straw retention for 5 years stimulated significant 
eutrophic bacterial growth, including Proteobacteria, Bacteroidota, 
and Firmicutes, which use labile forms of C for growth and 
metabolism and grow faster in nutrient-rich environments. The 
observed increase in bacterial growth can be attributed to enhanced 
soil fertility resulting from continuous straw retention. Bacteroidota 
and Firmicutes are fast-growing bacteria that exploit recalcitrant C 
sources (Huang et  al., 2023). The continuous straw retention 
provided an abundant metabolic substrate for the growth of both 
Bacteroidota and Firmicutes. Moreover, compared with CK levels, 
straw retention tended to reduce the abundance of Nitrospirota, 
which could be  due to their preference for lower C and N 
concentrations (Jin et al., 2020). Although straw return decreased 
the abundance of Nitrospirae, it significantly increased that of the 

N-fixing bacterium Bradyrhizobium and tended to decrease that of 
the denitrifying bacterium Gemmatimonadetes. This indicates that 
returning straw to the soil annually enhances N fixation and reduces 
soil denitrification, ultimately increasing TN content and reducing 
N loss from the soil.

For the fungal community, successive straw retention for 5 years 
significantly stimulated the growth of Ascomycota phylum and 
Pseudeurotium, Pseudogymnoascus, Sordariales, Trichosporiella, 
Clavidisculum, and Schizothecium genera. Ascomycota effectively 
degrades cellulose and lignocellulose, playing a crucial role in 
decomposing recalcitrant substrates (Ma et al., 2013). Compared to 
decomposed straw return, the abundance of Ascomycota increased 
with fresh straw return (Su et al., 2020). Schizothecium is a cellulose-
degrading fungus that promotes the conversion of lignin and cellulose 
into humus (Liu et al., 2022). The combined application of straw and 
fertilizer enriched the Schizothecium, accelerating straw degradation 
(Zhang et al., 2021). Overall, continuous straw return promoted the 
growth and proliferation of cellulose-decomposing microbial groups.

Studies have used multitrophic ecological networks to confirm 
that keystone species, rather than overall microbial communities, 
dominate microbial stability, soil nutrient cycling function, and crop 
production (Fan et  al., 2021; Xun et  al., 2021). In this study, 
we  identified key microbial communities related to soil C and N 
nutrient cycling in paddy ecosystems using correlation network, 
species, and functional contribution analyses. Thirty-three genera 
were positively correlated with C cycling and N metabolic pathways. 
These genera belong to Chloroflexota, Actinomycetota, 
Acidobacteriota, and Pseudomonadota. Moreover, Sphingomonas was 
negatively correlated with the C and N cycles. The increase in C 
cycling and N metabolic functions was attributed to the functional 
contributions of Nocardioides, Actinomycetota, Bradyrhizobium, 
Hyphomicrobiales, and Thermoflexales. These microorganisms are key 
to nutrient cycling in paddy soils.

4.3 Effects of straw retention on the 
nutrient cycling functions of soil 
microorganisms

Soil microorganisms play a crucial role in the mineralization and 
decomposition of organic matter by releasing extracellular enzymes 
and engaging in nutrient cycling and metabolic processes (Cui et al., 
2018). An imbalance between the microbial growth environment and 
their stoichiometry is the primary driver of soil extracellular enzyme 
C decomposition (Zhou J. S. et al., 2024). Straw retention provides large 
amounts of C and N as substrate sources for soil enzymes, promoting 
enzyme activity and providing a shield against C and N loss via a 
buffering effect (Ning et al., 2020). In a recent study, the addition of 
maize straw was found to enhance the activities of BG, CBH, and 
dehydrogenase, as well as the abundances of the GH48, cbhI, and cbbL 
genes, indicating enhanced native SOC mineralization (Zhou 
G. P. et  al., 2024). Another study found that maize straw return 
effectively improved the activities of urease, BG, and NAG (Ning et al., 
2021), which is consistent with our findings. In this study, the 
continuous input of rice straw provided organic substrates for C cycling 
and N metabolic enzymes and significantly increased the activities of 
β-xylosidase, NAG, and urease; however, it had no significant effect on 
the activities of CBH and BG. This may be because CBH and BG are 
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active during the initial stage of straw decomposition, whereas 
β-xylosidase is activated during the later stages (Huang et al., 2023).

Straw retention for 3 and 5 years promoted soil C decomposition 
and mineralization by enhancing the abundance of GH family genes 
involved in C fixation and carbohydrate metabolism. GHs are primary 
carbohydrate enzymes that facilitate the hydrolysis of glycoside bonds 
of complex sugars into carbohydrates (Wardman et al., 2022). A recent 
study showed that adding exogenous C can affect the abundance of 
microbial genes involved in C cycling, which typically play critical 
roles in SOC decomposition and CO2 fixation (Tang et al., 2021). A 
high C:N ratio increases the bacterial C fixation potential (Li et al., 
2021; Wang et  al., 2024). The input of maize straw into the soil 
stimulates the enrichment of soil microbial C-sequestration genes 
(Duan et al., 2021). Similarly, rice straw was a substrate with a high 
C:N ratio that enriched the genes involved in the CO2 fixation pathway.

Biological N fixation is a crucial ecological process. Approximately 
24% of the total crop biomass in farmland ecosystems originates from 
N fixation by nonsymbiotic microorganisms. However, long-term 
fertilization management has significantly weakened the N-fixing 
capabilities of soil microorganisms in agricultural lands. Consequently, 
the soil environment can no longer actively select essential N-fixing 
bacteria, leading to an irreversible decline in the N-fixation capacity of 
the soil (Fan et al., 2019). In this study, the absolute abundance of N 
fixation genes was increased in the fertilizer-treated straw return. This 
approach may help mitigate the decline in the soil microbial N fixation 
function typically associated with fertilizer use alone. Moreover, genes 
related to nitrate reduction (dissimilation and assimilation) 
significantly increased with the high C:N ratio established after 
returning rice straw to the field, reducing the rate of nitrate N to 
ammonia N and its accumulation in the soil ecosystem. In addition, 
compared with the CK, straw retention for 5 years significantly 
increased the abundance of functional genes associated with 
nitrification and significantly decreased the abundance of functional 
genes associated with the denitrification pathway. This shows that the 
addition of straw significantly improves N availability and N fertilizer 
usage and reduces the risk of N loss in gaseous form from soil.

4.4 Limitations and future prospects

Straw return is an effective method for improving soil fertility 
and functional diversity; however, it has some disadvantages. In this 
study, straw retention for 3 and 5 years significantly enriched the 
abundances of M. oryza and U. virens, which may increase the risk of 
pathogen infection in the following seasons. These results are 
consistent with those of previous studies. For example, long-term 
(10 years) crop residue retention significantly increased the 
abundances of Fusarium graminearum and Fusarium moniliforme, 
increasing the risk of maize root rot (Wang H. H. et al., 2020). This 
phenomenon was attributed to the straw used being infected by 
pathogenic fungi. This hypothesis is supported by another study that 
showed that incorporating diseased straw led to significant increases 
in disease severity; conversely, adding healthy rice straw (no disease) 
resulted in no significant increase in disease severity (Zhu et  al., 
2014). In addition, crop straw can create a favorable environment and 
supply substantial amounts of organic C and nutrient substrates, 
promoting the proliferation of certain phytopathogenic fungi 
(Kerdraon et al., 2019). The return of decomposed straw reduced 

pathogenic fungal populations (Su et al., 2020), and straw combined 
with a microbial inoculant reduced the pathogen content (Liu 
H. L. et al., 2021). To avoid pathogen accumulation, diseased straws 
should be removed from the field, pretreated, or combined with a 
microbial inoculant before incorporation.

5 Conclusion

The findings suggest that rice straw return for a year has negligible 
effects on soil nutrient content, enzyme activity, microbial 
composition, and microbial function. However, continuous rice straw 
return for 3 and 5 years significantly increased SOC, AP, and fungal 
biomass contents and promoted the growth and proliferation of 
microbial communities involved in cellulose decomposition. 
Moreover, rice straw retention improved soil fertility and nutrient 
availability by enhancing soil enzyme activity, improving microbial 
structure, and enriching genes associated with C and N cycling. 
However, rice straw return for 3 and 5 consecutive years also 
significantly accumulated rice pathogenic fungi. The results indicate 
that continuous rice straw return is an effective strategy for improving 
the microecological environment and ecological function of soil. 
Further research will be required to devise an effective strategy to limit 
or avoid the accumulation of pathogenic fungi, thus ensuring safe and 
efficient straw return to the field.
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