
Frontiers in Microbiology 01 frontiersin.org

Long-term straw return with 
moderate nitrogen levels 
reshapes soil bacterial 
communities in a vertisol
Zichun Guo 1, Rui Qian 1,2,3*, Wei Li 4, Tianyu Ding 1,3, Lei Gao 1,5 and 
Xinhua Peng 6*
1 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy 
of Sciences, Nanjing, China, 2 Key Laboratory of Mollisols Agroecology, Northeast Institute of 
Geography and Agroecology, Chinese Academy of Sciences, Harbin, China, 3 University of Chinese 
Academy of Sciences, Beijing, China, 4 Crop Research Institute, Anhui Academy of Agricultural 
Science, Hefei, China, 5 University of the Chinese Academy of Sciences, Nanjing, China, 6 State Key 
Laboratory of Efficient Utilization of Arable Land in China, Institute of Agricultural Resources and 
Regional Planning, Chinese Academy of Agricultural Sciences, Beijing, China

Introduction: Incorporating straw into the soil is a sustainable practice that can 
mitigate some of the adverse effects of excessive N fertilization on soil structure 
degradation and microbial diversity reduction.

Methods: This objective of this study was to determine the combined effects of 
straw management (straw return and straw removal) and N fertilization (0, 360, 
450, 540, 630, and 720 kg N ha−1 yr.−1) on crop yields, soil properties, and soil 
microbial communities in a long-term wheat-maize cropping system.

Results and discussion: The results showed that moderate N application (N450–
N540) with straw return optimized wheat (283.5 kg ha−1) and maize (346.5 kg 
ha−1) yields, whereas higher N fertilization (N630, N720) led to soil acidification 
(pH decline of 0.51–1.67 units), irrespective of straw management. Straw return 
increased soil organic carbon (SOC), total nitrogen (TN), nitrate (NO3

−-N), and 
available potassium (AK), but decreased ammonium (NH4

+-N). Bacterial diversity 
increased at moderate N rates but decreased at higher N rates. Fungal diversity 
was generally higher under straw removal, with Chaetomiaceae increasing 
under straw return, whereas Mortierellaceae and Trichocomaceae declined at 
high N levels. The Mantel test showed a strong correlation between soil pH 
and bacterial diversity, while fungal composition was influenced by SOC, TN, 
and NO3

−-N. Partial Least Squares Path Modeling (PLS-PM) demonstrated that N 
fertilization directly and indirectly increased wheat yield through improved soil 
properties, while straw return enhanced bacterial diversity, indirectly supported 
wheat yield. This study highlights the importance of balanced N fertilization and 
straw incorporation in maintaining bacterial community structure, fertility, and 
long-term crop productivity in intensive cropping systems on Vertisol.
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1 Introduction

Nitrogen (N), an essential nutrient crucial for plant growth and development 
(Govindasamy et al., 2023; Huang et al., 2023), significantly influences cereal crop yields and 
straw production, particularly in wheat and maize systems. However, excessive N fertilization 
can degrade soil structure (Haynes and Naidu, 1998; Guo et al., 2022), and reduce microbial 
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diversity (Chen et al., 2023; Qiu et al., 2023; Li et al., 2024), thereby 
threatening the sustainability of agricultural practices. Conversely, 
crop straw, a resource rich in carbon (C), nitrogen (N), and organic 
matter (OM) (Li et al., 2018), has been shown to enhance soil fertility 
and structure (Zhao et al., 2020; Liu N. et al., 2021), mitigating some 
negative effects of excessive N input. Incorporating straw into the soil 
is thus regarded as a sustainable management practice that can 
enhance soil microbial diversity (Zhang et al., 2021; Xu et al., 2023; 
Zhang et  al., 2024). Nevertheless, in winter wheat-summer maize 
cropping systems, the slow decomposition of maize straw can limit its 
benefits and may even necessitate higher N inputs compared to straw 
removal to maintain wheat yield (Kong, 2014; Islam et al., 2022).

Recent studies have investigated the effects of straw management 
and N fertilization on soil properties, microbial communities, and 
crop yields, and found significant differences between different soil 
types and cropping systems. For instance, Li et al. (2019) demonstrated 
that a two-year straw return combined with a modest N input 
(270 kg N ha−1  year−1) enhanced soil organic carbon (SOC) and 
microbial activity in Fluvisols under a winter wheat-summer maize 
system. In contrast, Yang et al. (2022) observed that while similar 
practices improved soil fertility in Plinthosols under a spring maize-
autumn maize system, they had limited effects on bacterial and fungal 
community structures. More recently, Liu et al. (2024) found that 
applying 225 kg N ha−1 yr.−1 with straw during the rice season in 
Inceptisols under a winter wheat-summer rice rotation significantly 
increased SOC, soil structural stability, microbial community health, 
and rice yields. However, these studies focus on a limited range of 
conditions (only with or without N addition treatments) or a narrow 
range of N application rates (from 0 to 360 kg N ha−1 yr.−1). As a result, 
the impacts of straw management and high N application rates on soil 
microbial communities in the wheat-maize cropping systems remain 
poorly understood.

Vertisol, known locally as Shajiang black soil, covers about 4 × 106 ha 
in the Huang-Huai-Hai Plain of China. This soil type is characterized by 
low SOC and a poor structure, which limit soil tilth and crop productivity 
(Guo et al., 2019; Wang et al., 2021). Despite these challenges, Vertisol is 
one of the most important soils for grain production in China, 

supporting intensive wheat-maize cropping systems. To achieve high 
yields, farmers in this region usually apply N fertilizers at a rate of 
300–800 kg ha−1 yr.−1 (Guo et al., 2022). However, there is an urgent need 
to clarify how N application rates and straw management practices 
influence the soil microbial community in Vertisol. This study 
investigates the combined effects of straw management and varying N 
application rates on crop yields, soil properties, and the composition and 
structure of soil microbial communities in a wheat-maize cropping 
system. The specific objectives are to: (1) evaluate the effects of straw 
management and N application rates on wheat and maize yields, (2) 
assess the changes in soil properties under the different treatments, (3) 
analyze the diversity and composition of soil bacterial and fungal 
communities in response to straw management and N fertilization, and 
(4) explore the relationships among microbial communities, soil 
properties, and crop yields.

2 Materials and methods

2.1 Study site and experimental design

A long-term field experiment was established in 2008 at the 
Agricultural Science and Technology Demonstration Center in 
Mengcheng County, Anhui Province, China (33°09′N, 116°33′E). The 
site has a typical monsoon climate, with a mean annual temperature 
of 16.5°C and annual precipitation of 900 mm. The soil, known locally 
as Shajiang black soil (Vertisol, USDA Soil Taxonomy), has a clay loam 
texture (31.5% sand, 38.0% silt, and 30.5% clay), and is derived from 
fluvio-lacustrine sediments. The initial SOC of the topsoil (0–20 cm) 
contained 8.22 g kg−1. The cropping system included winter wheat 
(Triticum aestivum L.) and summer maize (Zea mays L.).

The experiment included two straw management practices (straw 
return and straw removal) and six N fertilization rates (0, 360, 450, 
540, 630, and 720 kg N ha−1 yr.−1). Each treatment was replicated three 
times, with each plot measuring 21.6 m2 (5.4 m × 4 m). The detailed 
amounts of fertilizers applied are shown in Table 1. Approximately 
55% of the N for wheat and 45% for maize was applied as a basal 

TABLE 1 Experimental treatments and application rates of inorganic fertilizers (kg ha−1) for each growing season.

Straw 
management

N rate Wheat season (kg ha−1) Maize season (kg ha−1)

N P2O5 K2O Straw (wet) N P2O5 K2O Straw (wet)

Straw return (S) 0 0 0 0 7,000 0 0 0 9,000

360 162 81 81 7,000 198 99 99 9,000

450 202.5 81 81 7,000 247.5 99 99 9,000

540 243 81 81 7,000 297 99 99 9,000

630 283.5 81 81 7,000 346.5 99 99 9,000

720 324 81 81 7,000 396 99 99 9,000

Straw removal (RS) 0 0 0 0 0 0 0 0 0

360 162 81 81 0 198 99 99 0

450 202.5 81 81 0 247.5 99 99 0

540 243 81 81 0 297 99 99 0

630 283.5 81 81 0 346.5 99 99 0

720 324 81 81 0 396 99 99 0
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fertilizer before tillage, while the remaining 45% (wheat) and 55% 
(maize), respectively, were used as a topdressing during the growing 
season. The maize was planted in mid-June and harvested in late 
September, while the wheat was sown in early October and harvested 
in late May. The cultivars used were Jimai 22 for wheat and Zhengdan 
958 for maize. The seeding rates were 225 kg ha−1 for wheat and 
30 kg ha−1 for maize. Crop yields at harvest were measured based on 
a moisture content of 14% across the plot (Guo et al., 2022). After each 
annual harvest, the straw was chopped into pieces of ≤10 cm which 
were incorporated into the soil to a depth of about 15 cm in the straw 
return treatments, while all straw was removed from the field in the 
straw removal treatments.

2.2 Soil sampling

Before the wheat harvest in 2019, soil samples were randomly 
collected from each plot at a depth of 0–20 cm. To prevent 
contamination, the auger was cleaned, wiped with 75% alcohol, and 
rinsed with sterile water after sampling each plot. The soil cores from 
each replicate plot were combined into a single composite sample. The 
soil was sieved through a 2 mm mesh to remove impurities such as 
roots, fronds, and stones. Each soil sample was then divided into two 
fractions: one was stored at −80°C for DNA extraction, and the other 
was air-dried and ground for the determination basic soil properties.

2.3 Soil chemical properties analysis

Soil pH was determined using an electromagnetic device (Mettler 
Toledo Five Easy FE30, Switzerland) at a soil-to-distilled-water ratio of 
1:2.5 (weight/volume). SOC was measured using the potassium 
dichromate oxidation method. Soil NH4

+-N and NO3
−-N were extracted 

with 2 mol L−1 KCl solution (1:5 w/v) and measured using a continuous 
flow analyzer (San++, SKALAR, Netherlands). Total N (TN) was 
measured using an automated C/N analyzer (Vario MAX CN, Elementar, 
Germany). Available phosphorus (AP) was extracted with sodium 
bicarbonate and determined using the molybdenum-blue method. 
Available potassium (AK) was extracted with ammonium acetate and 
measured using a flame photometer (BWB-XP, BWB Technologies, UK).

2.4 DNA extraction, PCR amplification, and 
high-throughput sequencing

DNA was extracted from 0.5 g fresh soil using the E.Z.N.A.R® soil 
DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the 
manufacturer’s instructions. DNA concentrations were measured 
using a NanoDrop™ 2000 spectrophotometer (ThermoScientific, 
USA). PCR amplification was performed using a Thermocycler PCR 
system (Gene Amp® 9,700, ABI, USA). Bacterial primers 341F 
(5’-CCTAYGGGRBGCASCAG-3′) and 806R (5’-GGACTACN 
NGGGTATCTAAT-3′) were employed to amplify the V3-V4 
hypervariable regions of the 16S rRNA gene (Zhu et al., 2022). Primers 
ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R 
(5’-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the 
fungal rRNA gene in the ITS1 region (Liu J. et al., 2021). PCR was 
performed in 20 μL reaction volumes containing TransStart Fastpfu 

DNA Polymerase, forward and reverse primer, double distilled water 
(ddH2O), and DNA template. The PCR cycling conditions were 95°C 
for 5 min, followed by 27 cycles of 95°C for 30 s, 55°C for 30 s, and 
72°C for 30 s. Purified PCR products were extracted from agarose gel 
using gel electrophoresis, purified with the AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences), and quantified using a 
Quantus™ Fluorometer (Promega) (Yang et al., 2022).

2.5 Analysis of the sequencing data

Purified PCR products were pooled in equimolar amounts, and 
sequenced using an Illumina MiSeq platform by Shanghai BIOZERON 
Biotechnology Co., Ltd. (Shanghai, China). To accurately delineate 
different species, OTUs were commonly clustered with a 98.7% 
similarity threshold using UPARSE (version 7.11) (Ley et al., 2024). 
The RDP Classifier method assessed bacterial sequences against the 
SILVA database and fungal sequences against the United  States 
database with a confidence level of 70% (Zheng et al., 2020).

2.6 Statistical analysis

Data analyses were performed using R software.2 One-way ANOVA 
assessed the significance of N application rates (p < 0.05). Paired t-tests 
evaluated the significance of straw management treatments (p < 0.05). 
Alpha diversity indices including Shannon index, abundance-based 
coverage estimate (ACE), and Chao index, were calculated by using 
QIIME software version 1.8.0. Beta diversity among various N 
application rates and straw management treatments were evaluated by 
using Nonmetric multidimensional scaling (NMDS) calculated as Bray–
Curtis dissimilarity with “metaMDS” in the vegan package (R version 
4.3.2) (Osburn et al., 2019). Mantel tests were conducted to assess the 
correlations between bacterial and fungal community compositions and 
diversity with soil properties (e.g., pH, SOC, TN, NO₃−-N, NH₄+-N, AP, 
and AK). The analysis was performed in R software using the ‘vegan’ 
package, following the approach outlined by Ma et  al. (2024). The 
relationships were visualized with the ‘ggcor’ package. Partial least 
squares path modeling (PLS-PM) was conducted to explore the potential 
direct and indirect effects of soil properties and microbial communities 
on crop yield under straw management and N fertilization (Dai et al., 
2024). The PLS-PM models were constructed using the ‘plspm’ package 
in R. The goodness-of-fit index was used to assess the overall predictive 
performance of the model. A p-value of <0.05 was considered to 
be statistically significant.

3 Results

3.1 Crop yields and soil chemical properties

Annual wheat and maize yields from 2014 to 2018, as influenced 
by N application rates and straw management, are illustrated in 

1 http://drive5.com/uparse/

2 https://www.r-project.org/
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Figure 1. N fertilization significantly increased both wheat and maize 
yields across all straw management practices compared to the N0 
treatment (p < 0.05). Straw return increased maize yields by 5–17% 
relative to straw removal but had no significant effect on wheat yields. 
When N application rates ranged from 0 to 202.5 kg ha−1, straw return 
decreased wheat yields by 1.78–6.64% compared to straw removal.

The effects of straw management and N application on soil 
chemical properties are presented in Table 2. Under straw removal, 
soil pH decreased by 0.51–1.67 units over 12 years as N rates increased 
from 0 to 720 kg ha−1 (p < 0.05), and straw return did not mitigate this 
acidification. SOC content was 25.6–36% higher under straw return 
than straw removal at equivalent N levels (p < 0.05). N fertilization 
significantly increased TN, NH₄+-N, and NO₃−-N concentrations 
(p < 0.05) but had no effect on AP or AK levels (p > 0.05). Straw return 
further increased TN and NO₃−-N, while decreasing NH₄+-N levels 
(p > 0.05). It also increased AK levels (p < 0.05), but had no significant 
effect on AP (p < 0.05).

3.2 Alpha diversity of soil bacterial and 
fungal community

Bacterial richness (Chao and ACE indices) and diversity (Shannon 
Index) were consistently higher under straw return compared to straw 
removal, particularly at N540 (Figures 2A–C). However, both straw 
treatments exhibited reduced bacterial diversity at high N levels 
(N630, N720), suggesting a threshold beyond which N adversely 
affects bacterial communities. Fungal richness (Chao and ACE 
indices) was generally higher under straw removal at most N levels, 
with significant differences at N630 (Figures 2D,E). Fungal diversity 
(Shannon index) was greater under straw removal, particularly at 
N360 and N540 (Figure 2F).

3.3 Composition of soil bacterial and 
fungal community

Across all treatments, bacterial phyla (Figures 3A,C) and families 
(Figure 4A) were identified. The dominant phyla were Proteobacteria 
(24.3–46.9%), Actinobacteria (16.0–33.7%), Acidobacteria (6.7–31.4%), 
Chloroflexi (5.6–19.5%), and Bacteroidetes (1.1–8.5%). In Proteobacteria, 
the predominant families included Sphingomonadaceae (4.2–11.2%), 
and Xanthobacteraceae (0.5–9.7%). N fertilization significantly increased 
the abundance of Xanthobacteraceae compared to the N0 treatment 
(p < 0.05, Figure  5D). Sphingomonadaceae initially increased at 
moderate N levels (N450), but declined at higher rates (N540, N630) 
under straw return (p < 0.05, Figure 5A). In Actinobacteria, Gaiellales_
uncultured (2.2–9.3%) was a dominant family, showing a significant 
increase with higher N rates (p < 0.05, Figure 5B). In Acidobacteria, the 
predominant families included Subgroup_6_norank (0.6–8.3%), 
Solibacteraceae (Subgroup 3) (1.0–4.6%), and JG30-KF-AS9 (1.0–4.8%). 
Subgroup_6_norank decreased with increasing N rates (Figure 5C), 
whereas Solibacteraceae (Subgroup  3) displayed a gradual increase 
(Figure 5E). In contrast, JG30-KF-AS9 showed no consistent trends 
across treatments (Figures 5F).

Among the fungal phyla, Ascomycota (25.3–77.1%), 
Mucoromycota (8.70–55.0%), and Basidiomycota (9.90–19.3%) were 
dominant (Figures 3B,D). The fungal families were also identified 
(Figure  4B). In Ascomycota, the predominant families included 
Chaetomiaceae (5.29–29.0%), Nectriaceae (5.56–9.55%), 
Trichocomaceae (1.40–8.15%), Lasiosphaeriaceae (1.11–7.75%), 
Chaetothyriaceae (0.17–9.20%), Pleoaporaceae (0.92–2.88%), and 
Myxotrichaceae (1.14–3.24%). Under straw return, the abundance of 
Chaetomiaceae showed a gradual increase with rising N application 
rates (p < 0.05) (Figure  5H). In contrast, Trichocomaceae and 
Lasiosphaeriaceae decreased with higher N rates (p < 0.05) 
(Figures 5K,L). Chaetothyriaceae was more abundant under straw 
removal across all N levels but showed no consistent response to N 
fertilization (Figure 5M). In Mucoromycota, Mortierellaceae (10.6–
43.5%) was dominant, showing a decreasing trend with nitrogen 
application under straw return (Figure  5G). In Basidiomycota, 
Piskurozymaceae (0.86–2.88%) was the predominant family. It 
displayed a sharp reduction at high N levels under straw removal, 
suggesting sensitivity to excessive N fertilization, whereas it gradually 
increased under straw return (Figure 5O).

To evaluate the impact of N fertilization and straw 
management on soil microbial community composition, 

FIGURE 1

Wheat (a), maize (b) and total mean annual yields (c) (2014–2018) 
under different N fertilization levels and straw management. Different 
lowercase letters indicate significant differences (p < 0.05) among 
different nitrogen levels at the same straw management. “*” denotes 
significant differences at 0.05 levels among straw return and straw 
removal. S and RS are straw return and straw removal, respectively.
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performed NMDS analysis based on Bray-Curtis dissimilarities 
at the family level for bacterial and fungal communities. The 
results revealed that N fertilization significantly influenced 
bacterial (R2 = 0.41, p = 0.001) and fungal community 
composition (R2 = 0.13, p = 0.001) (Figure  6). Similarly, straw 
management led to notable changes in bacterial (R2 = 0.09, 
p = 0.002) and fungal communities (R2 = 0.30, p = 0.001). 
However, the interaction between N fertilization and straw 
management did not show a significant effect on microbial 
community composition.

3.4 Relationships between microbial 
communities, soil properties, and crop 
yields

The Mantel tests revealed that soil bacterial and fungal 
community structures were significantly correlated with multiple 
soil properties (Figure  7). Bacterial diversity was positively 
correlated with soil pH (p < 0.001), but negatively associated with 
NH₄+-N (p < 0.001). Fungal diversity showed weak correlations 
with most soil properties but was significantly influenced by SOC 
and TN (p < 0.01). Bacterial composition showed strong 
correlations with soil pH and NO₃−-N (p < 0.001), whereas fungal 
composition was primarily affected by soil pH, SOC, NO₃−-N, 
TN, AP, and AK (p < 0.05).

To further explore the direct and indirect effects on the soil 
properties and bacterial and fungal communities on wheat and maize 
yields under straw management and nitrogen fertilization. The 
PLS-PM analysis (goodness of fit = 0.65; Figure 8) indicated that N 
fertilization had a strong direct positive effect on wheat yield (path 
coefficient = 0.78, p < 0.001) and soil properties (0.75, p < 0.001). 
Straw management positively influenced soil properties (0.59, 
p < 0.001) and bacterial diversity (0.87, p < 0.001), indirectly 
enhancing wheat yield through improved soil properties and bacterial 
diversity. Similarly, N fertilization indirectly increased wheat yield by 

enhancing both soil properties (0.91, p < 0.01) and bacterial diversity 
(0.24, p < 0.05).

4 Discussion

4.1 Effects of straw management and N 
fertilization on crop yields and soil 
properties

This study demonstrated that N fertilization significantly 
increased wheat and maize yields, but excessive application reduced 
yield benefits beyond 283.5 kg N ha−1 for wheat and 346.5 kg N ha−1 
for maize (Figure 1). This yield decline at high N levels is likely due to 
reduced N use efficiency, as excessive N fertilization can induce 
nutrient imbalances, inhibit root growth, and increase N loss through 
leaching or volatilization (Dong and Lin, 2020; Huang et al., 2023; Ren 
et al., 2024). Consistent with previous studies, maize yield benefited 
more from straw return compared to wheat (Islam et  al., 2022), 
possibly due to differences in root architecture and seasonal 
temperature variations that accelerate wheat straw decomposition. In 
contrast, wheat yield declined under straw return at low to moderate 
N levels, likely due to delayed N mineralization and physical 
constraints from undecomposed maize straw (Kong, 2014; Qi 
et al., 2015).

Soil properties were significantly altered by both N fertilization 
and straw management. High N rates caused significant soil 
acidification (pH decline of 0.51–1.67 units; Table  2), which is 
attributed to ammonium nitrification and H+ release (Tian and Niu, 
2015). Despite the expected buffering effect of organic inputs, straw 
return did not mitigate this acidification. However, straw return 
substantially increased SOC and TN contents, which enhances soil 
fertility and structural stability (Li et al., 2018). These improvements 
in soil organic matter contribute to better soil aeration and aggregate 
stability, potentially improving long-term sustainability in Vertisol 
cropping systems (Zhao et al., 2020).

TABLE 2 Changes in soil chemical properties under straw management and nitrogen fertilization.

Straw 
management

N rate pH SOC TN NO3
−-N NH4

+-N AP AK

g kg−1 mg kg−1

Straw return (S) 0 7.13Aa 12.02Ab 1.08Ab 3.64Ac 4.22Ab 26.18Aab 205.00Aa

360 6.44Ab 13.97Aa 1.36Aa 4.00Ab 4.14Ab 33.46Aa 214.17Aa

450 6.28Ab 13.98Aa 1.29Aab 5.57Ab 4.10Bb 29.03Aab 200.00Aa

540 5.87Abc 14.38Aa 1.35Aa 7.35Aa 4.66Bb 24.94Ab 188.33Aa

630 5.62Ac 14.37Aa 1.41Aa 7.17Aa 4.53Bb 22.13Ab 187.50Aa

720 5.35Ac 15.14Aa 1.35Aa 5.39Ab 6.58Aa 23.13Ab 194.17Aa

Straw removal (RS) 0 7.12Aa 9.25Bb 0.87 Bd 2.26Bb 4.53Ac 18.61Aa 139.17Aa

360 6.59Ab 10.27Bab 0.93Bcd 3.25Ba 4.78Abc 23.09Aa 134.17Aa

450 6.33Ab 10.32Bab 0.97Bbcd 3.40Ba 5.97Aabc 23.98Aa 140.83Aa

540 5.53Ac 11.24Ba 0.99Bbc 3.26Ba 6.31Aab 25.48Aa 149.17Aa

630 5.56Ac 11.44Ba 1.17Ba 4.02Ba 6.45Aab 20.72Aa 134.17Aa

720 5.43Ac 11.33Ba 1.08Bab 3.57Ba 7.69Aa 17.38Aa 131.67Aa

Different capital and lowercase letters indicate significant differences between straw management and nitrogen fertilization levels, respectively (p < 0.05). SOC, soil organic carbon; TN, total 
nitrogen; AP, available phosphorus; AK available potassium.
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4.2 Effects of straw management and N 
fertilization on soil microbial diversity and 
composition

Long-term N fertilization and straw management significantly 
influenced soil microbial diversity and composition. Straw return 
generally enhanced bacterial richness and diversity, especially at 
moderate N levels such as N540. This suggests that straw incorporation 
provides a more stable carbon source, fostering bacterial proliferation 
and functional diversity (Tian et al., 2017; Shen et al., 2023; Zhang 
et al., 2024). The positive effects of straw return aligns with previous 
studies, which have shown that the addition of organic matter 
enhances microbial diversity by providing labile carbon substrates, 
and stimulating bacterial metabolism (Xu et al., 2023). However, at 
higher N levels (N630, N720), bacterial diversity declined under both 
straw return and removal, suggesting that high N inputs may exceed 
microbial nutrient thresholds, leading to nutrient imbalances and 

competitive exclusion (Figures 2A–C). High N inputs may favor fast-
growing copiotrophic taxa such as Proteobacteria, which rapidly 
assimilate nutrients, outcompeting oligotrophic groups such as 
Acidobacteria, known for their preference for nutrient-poor 
conditions (Chen et al., 2023; Li et al., 2019). This shift in microbial 
community structure under high N fertilization reflects a loss of 
microbial diversity and potential disruptions in microbial-driven 
soil functions.

Unlike bacteria, fungal diversity exhibited an opposite trend, 
being generally higher under straw removal across most N levels, with 
significant differences at N630 (Figures 2D–F). This finding contrasts 
with the findings of Yang et al. (2022) who reported increased fungal 
diversity with straw return. One possible reason could be  the 
availability of substrates and competition dynamics between bacterial 
and fungal taxa. As shown in Figure  5, Chaetomiaceae-a key 
decomposer of plant residues-increased with rising N levels under 
straw return, while Trichocomaceae and Lasiosphaeriaceae declined 

FIGURE 2

Alpha diversity of soil bacterial (red bar, a–c) and fungal (blue bar, d–f) groups under straw management and nitrogen fertilization. “*” denotes 
significant differences at 0.05 levels among straw return and straw removal. Different lowercase letters indicate significant differences (p < 0.05) among 
different nitrogen levels at the same straw management. S and RS are straw return and straw removal, respectively.
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at higher N rates (p < 0.05). This suggests that fungal taxa might 
exhibit distinct responses depending on N availability and the 
composition of decomposing organic matter. Additionally, bacterial 
diversity was significantly higher under straw return, particularly at 
N540 (Figures  2A–C), indicating that bacteria might have 
outcompeted fungi in utilizing straw-derived carbon substrates. The 
negative correlation between bacterial diversity and NO₃−-N 
(p < 0.001, Figure 7) further supports the notion that shifts in soil 
chemistry could influence microbial interactions.

The NMDS analysis further confirmed the significant effects of N 
fertilization and straw management on bacterial and fungal 
communities (Figure  6). Among bacterial phyla, Proteobacteria, 
Actinobacteriota, Acidobacteria, and Ascomycota were dominant 
across all treatments, with varying responses to straw management 
and N fertilization. Proteobacteria, particularly Sphingomonadaceae 
and Xanthobacteraceae, exhibited a significant increase with 

increasing N rates (Figures  4A, 5A,D), consistent with their 
copiotrophic nature and ability to utilize labile carbon compounds 
released from decomposing straw (Zhang et al., 2021; Dang et al., 
2022). However, at high N levels (N630, N720), Sphingomonadaceae 
abundance declined under straw return (Figure  5A), suggesting 
excessive N fertilization effects or shifts in substrate availability 
limiting their growth. Conversely, Acidobacteria, particularly 
Subgroup_6_norank and JG30-KF-AS9, exhibited a decline with 
increasing N levels (Figures 5C,F). Acidobacteria are oligotrophic 
taxa, often thriving in low-nutrient conditions and being negatively 
affected by high N inputs (Kalam et  al., 2020; Gu et  al., 2023). 
However, Solibacteraceae (Subgroup  3), another Acidobacteria 
subgroup, showed an increasing trend with rising N levels (Figure 5E), 
possibly indicating niche differentiation within Acidobacteria, where 
some taxa can adapt to increased nutrient availability while others 
are outcompeted.

FIGURE 3

Dominant phylum level of bacterial (a,c) and fungal communities (b,d) under straw management and nitrogen fertilization.
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Fungal communities responded differently to N fertilization and 
straw return compared to bacteria. Ascomycota, Mucoromycota, and 
Basidiomycota were the dominant fungal phyla (Figures  3B,D). 
Within Ascomycota, key families exhibited distinct trends: 
Chaetomiaceae increased with rising N application rates under straw 
return (p < 0.05, Figure  5H), while Trichocomaceae and 
Lasiosphaeriaceae showed significant declines at higher N levels 

(p < 0.05, Figures 5K,L). These responses suggest that certain fungal 
taxa, particularly Chaetomiaceae, may be  well adapted to high N 
environments, whereas others are more sensitive to excessive N inputs. 
Interestingly, Chaetothyriaceae was consistently more abundant under 
straw removal but showed no clear response to N levels (Figure 5M), 
indicating that factors other than N availability, such as soil aeration 
or substrate recalcitrance, may influence its distribution. 

FIGURE 4

Dominant family level of bacterial (a) and fungal communities (b) under straw management and nitrogen fertilization.

FIGURE 5

The relative abundances (%) of major bacterial (red box, a–f) and fungal (blue box, g–o) groups at the family level under straw management and nitrogen 
fertilization. “*” denotes significant differences at 0.05 levels among straw return and straw removal. Different lowercase letters indicate significant 
differences (p < 0.05) among different nitrogen levels at the same straw management. S and RS are straw return and straw removal, respectively.
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Mucoromycota, represented predominantly by Mortierellaceae, 
exhibited a declining trend with increasing N application under straw 
return (Figure 5G). This suggests that Mucoromycota, known for their 
role in organic matter decomposition, may be negatively affected by 
high N levels, possibly due to shifts in substrate composition or 
competition with bacteria (Dong et al., 2023; Song B. et al., 2023; Song 
T. et  al., 2023). Basidiomycota, particularly Piskurozymaceae, 
displayed a sharp reduction under high N fertilization with straw 
removal, while its abundance increased under straw return 
(Figure 5O), highlighting potential interactions between N inputs and 
organic matter availability in shaping fungal community structure.

4.3 Linkages between soil microbial 
communities, soil properties, and crop 
yield

The findings of this study demonstrate that N fertilization 
significantly increased wheat yield and soil properties (p < 0.001, 
Figure 8), reinforcing its essential role in crop production. However, 
high N fertilization resulted in soil acidification (Table  2), which 
negatively affected bacterial diversity (Figure 7). This pattern aligns 
with previous studies suggesting that soil acidification can suppress 
pH-sensitive bacterial taxa, potentially disrupting key microbial 
processes such as organic matter decomposition and nutrient cycling 
(Tian and Niu, 2015; Gayan et al., 2023; Hu et al., 2024). Straw return 
significantly enhanced SOC and TN (Table  2), which positively 
influenced bacterial diversity (Figure  8). The microbial-mediated 
benefits of straw return were particularly evident at moderate N levels 
(N450–N540), where bacterial diversity and crop yields were 
optimized (Figures  1, 2A–C). The relative increase in 
Xanthobacteraceae and Gaiellales_uncultured (Figures 5B,D) under 
these conditions suggests an improved microbial capacity for organic 
matter turnover and nitrogen cycling, which likely contributed to 
enhanced soil fertility (Zhao et  al., 2020; Liu N. et  al., 2021). 
Interestingly, fungal diversity exhibited weaker correlations with crop 
yield (Figure 8), indicating that bacterial-driven transformations in 
soil properties had a more direct influence on productivity. The 
Mantel test further revealed that fungal diversity was significantly 
associated with SOC and TN (Figure  7), suggesting that fungal 
contributions were more linked to long-term soil organic matter 
stabilization rather than immediate nutrient availability (Pérez-
Izquierdo et al., 2021; Liu et al., 2024). For example, Chaetomiaceae 
increased with rising N levels under straw return (Figure 5H), while 
Trichocomaceae and Lasiosphaeriaceae decreased (Figures 5K–L), 
indicating shifts in fungal decomposer communities that could alter 
carbon cycling dynamics.

The PLS-PM analysis revealed that bacterial diversity indirectly 
enhanced wheat yield via improved soil properties (Figure  8), 
underscoring the importance of bacterial-mediated soil fertility in this 
system. In contrast, fungal community shifts did not exhibit a direct 
correlation with crop yield, suggesting that bacterial contributions to 
N transformations and organic matter decomposition played a more 
dominant role in driving productivity. These findings highlight the 
need for balanced N fertilization strategies that optimize microbial 
functions while mitigating soil degradation. While moderate N 
application (N450-N540) with straw return supported microbial 
diversity and improved soil conditions, excessive N input 

(N630-N720) negatively affected bacterial diversity and altered fungal 
community composition. Future research should focus on functional 
microbial traits and their roles in nutrient transformations, providing 
deeper insights into microbial-driven pathways for improving soil 
health and crop resilience.

5 Conclusion

This study evaluates the combined effects of straw management 
and N fertilization on crop yields, soil properties, and microbial 
communities in a wheat-maize cropping system on Vertisol. Microbial 
community composition responded differently to N fertilization and 
straw management. Moderate N levels (N450-N540) with straw return 
enhanced bacterial diversity, particularly Sphingomonadaceae and 
Solibacteraceae (Subgroup  3), while high N levels (N630, N720) 
reduced bacterial diversity. In contrast, fungal diversity was generally 
higher under straw removal, with Chaetomiaceae increasing under 

FIGURE 6

NMDS of bacterial (a) and fungal communities (b) at the family level 
under straw management and nitrogen fertilization. *Significant at 
p < 0.05; **Significant at p < 0.01; ***Significant at p < 0.001; NS, not 
significant. N, SM, S and RS are nitrogen levels, straw management, 
straw return and straw removal, respectively.
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straw return, whereas Mortierellaceae and Trichocomaceae declined 
at higher N rates. Mantel tests revealed that SOC and N availability 
(NO₃−-N, TN) are key drivers shaping microbial communities, while 
soil pH plays a crucial role in bacterial diversity and composition. 

PLS-PM analysis further confirmed that N fertilization directly 
increased wheat yield, whereas straw return improved soil fertility and 
microbial diversity, indirectly supporting yield sustainability.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/supplementary material.

Author contributions

ZG: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Validation, Writing – original 
draft, Writing – review & editing. RQ: Data curation, Formal analysis, 
Methodology, Supervision, Validation, Writing – review & editing. 
WL: Conceptualization, Investigation, Resources, Validation, 
Writing – review & editing. TD: Methodology, Writing – review & 
editing. LG: Writing  – review & editing. XP: Conceptualization, 
Funding acquisition, Supervision, Validation, Writing  – review & 
editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study 
was granted by the Self-deployed Project of Institute of Soil Science, 

FIGURE 7

A Mantel test between the bacterial community, fungal community and soil properties. Mantel’s R and p values are indicated based on the color and 
the width of the connecting lines as specified in the figure legend. TN, total nitrogen; SOC, soil organic carbon; AP, available phosphorus; AK available 
potassium. *Significant at p < 0.05; **Significant at p < 0.01; ***Significant at p < 0.001.

FIGURE 8

Partial least squares path modeling (PLS-PM) analysis of the 
relationships between nitrogen fertilization, straw management, soil 
properties, bacteria and fungi diversity, and wheat yield. Soil 
properties include pH, soil organic carbon, total nitrogen, NO3

−-N, 
NH4

+-N, available phosphorus and available potassium. Bacteria 
diversity: Chao, ACE and Shannon index. Fungal diversity: Chao, ACE 
and Shannon index. Observed or latent variables are illustrated in 
box. Positive and negative effects are represented by blue and 
orange arrows, respectively. Path coefficients that were not 
significantly (p > 0.05) are shown as dashed lines; *p < 0.05, 
**p < 0.01, and ***p < 0.001. The goodness-of-fit was used to assess 
the model.

https://doi.org/10.3389/fmicb.2025.1554657
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Guo et al. 10.3389/fmicb.2025.1554657

Frontiers in Microbiology 11 frontiersin.org

Chinese Academy of Sciences (ISSASIP2214), the National Key 
Research and Development Program (2023YFD1900204), the 
National Natural Science Foundation of China (42007007), and the 
Science and Technology Innovation Project of Jiangsu Province for 
the Peak and Carbon Neutralization of Carbon Dioxide 
(BE2023398).

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.

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.

References
Chen, Y., Li, Y., Qiu, T., He, H., Liu, J., Duan, C., et al. (2023). High nitrogen fertilizer 

input enhanced the microbial network complexity in the paddy soil. Soil Ecol. Lett. 
6:230205. doi: 10.1007/s42832-023-0205-3

Dai, Z., Fan, J., Fu, W., Niu, X., Yang, Q., and Hao, M. (2024). Changes in soil 
microbial community and co-occurrence network after long-term no-tillage and 
mulching in dryland farming. Plant Soil 495, 201–220. doi: 10.1007/s11104-023-06315-w

Dang, P., Li, C., Lu, C., Zhang, M., Huang, T., Wan, C., et al. (2022). Effect of fertilizer 
management on the soil bacterial community in agroecosystems across the globe. Agric. 
Ecosyst. Environ. 326:107795. doi: 10.1016/j.agee.2021.107795

Dong, N. Q., and Lin, H. X. (2020). Higher yield with less nitrogen fertilizer. Nat. 
Plants 6, 1078–1079. doi: 10.1038/s41477-020-00763-3

Dong, H., Sun, H., Chen, C., Zhang, M., and Ma, D. (2023). Compositional shifts and 
assembly in rhizosphere-associated fungal microbiota throughout the life cycle of japonica 
rice under increased nitrogen fertilization. Rice 16:34. doi: 10.1186/s12284-023-00651-2

Gayan, A., Borah, P., Nath, D., and Kataki, R. (2023). “Chapter 4-soil microbial 
diversity, soil health and agricultural sustainability” in Sustainable agriculture and the 
environment. eds. M. Farooq, N. Gogoi and M. Pisante (Cambridge, MA: Academic 
Press), 107–126.

Govindasamy, P., Muthusamy, S. K., Bagavathiannan, M., Mowrer, J., 
Jagannadham, P. T. K., Maity, A., et al. (2023). Nitrogen use efficiency-a key to enhance 
crop productivity under a changing climate. Front. Plant Sci. 14:1121073. doi: 
10.3389/fpls.2023.1121073

Gu, Y., Chen, X., Shen, Y., Chen, X., He, G., He, X., et al. (2023). The response of 
nutrient cycle, microbial community abundance and metabolic function to nitrogen 
fertilizer in rhizosphere soil of phellodendron chinense Schneid seedlings. Front. 
Microbiol. 14:1302775. doi: 10.3389/fmicb.2023.1302775

Guo, Z., Li, W., Ul Islam, M., Wang, Y., Zhang, Z., and Peng, X. (2022). Nitrogen 
fertilization degrades soil aggregation by increasing ammonium ions and decreasing 
biological binding agents on a vertisol after 12 years. Pedosphere 32, 629–636. doi: 
10.1016/S1002-0160(21)60091-7

Guo, Z., Zhang, Z., Zhou, H., Wang, D., and Peng, X. (2019). The effect of 34-year 
continuous fertilization on the soc physical fractions and its chemical composition in a 
vertisol. Sci. Rep. 9:2505. doi: 10.1038/s41598-019-38952-6

Haynes, R. J., and Naidu, R. (1998). Influence of lime, fertilizer and manure application 
on soil organic matter content and soil physical conditions: A review. Nutr. Cycl. 
Agroecosystems. 51, 123–137. doi: 10.4236/as.2011.21006

Hu, Z., Delgado-Baquerizo, M., Fanin, N., Chen, X., Zhou, Y., du, G., et al. (2024). 
Nutrient-induced acidification modulates soil biodiversity-function relationships. Nat. 
Commun. 15:2858. doi: 10.1038/s41467-024-47323-3

Huang, W., Yang, Y., Zheng, H., Olesen, J. E., Rees, R. M., Zou, J., et al. (2023). 
Excessive n applications reduces yield and biological n fixation of summer-peanut in the 
North China plain. Field Crop Res. 302:109021. doi: 10.1016/j.fcr.2023.109021

Islam, M. U., Guo, Z., Jiang, F., and Peng, X. (2022). Does straw return increase crop 
yield in the wheat-maize cropping system in China? A meta-analysis. Field Crops Res. 
279:108447. doi: 10.1016/j.fcr.2022.108447

Kalam, S., Basu, A., Ahmad, I., Sayyed, R. Z., El-Enshasy, H. A., Dailin, D. J., et al. 
(2020). Recent understanding of soil acidobacteria and their ecological significance: a 
critical review. Front. Microbiol. 11:580024. doi: 10.3389/fmicb.2020.580024

Kong, L. (2014). Maize residues, soil quality, and wheat growth in China. A review. 
Agron. Sustain. Dev. 34, 405–416. doi: 10.1007/s13593-013-0182-5

Ley, P., Geelhoed, J. S., Vasquez-Cardenas, D., and Meysman, F. J. R. (2024). On the 
diversity, phylogeny and biogeography of cable bacteria. Front. Microbiol. 15:1485281. 
doi: 10.3389/fmicb.2024.1485281

Li, H., Dai, M., Dai, S., and Dong, X. (2018). Current status and environment impact 
of direct straw return in China’s cropland -a review. Ecotoxicol. Environ. Saf. 159, 
293–300. doi: 10.1016/j.ecoenv.2018.05.014

Li, Z., Li, D., Ma, L., Yu, Y., Zhao, B., and Zhang, J. (2019). Effects of straw 
management and nitrogen application rate on soil organic matter fractions and 
microbial properties in North China plain. J. Soils Sediments 19, 618–628. doi: 
10.1007/s11368-018-2102-4

Li, S., Tang, S., Ju, X., Zhu, Z., Zhang, Y., Chen, H., et al. (2024). Soil acidification 
drives the negative effects of nitrogen enrichment on soil microbial biomass at the global 
scale. Plant Soil 503, 517–528. doi: 10.1007/s11104-024-06600-2

Liu, N., Li, Y., Cong, P., Wang, J., Guo, W., Pang, H., et al. (2021). Depth of straw 
incorporation significantly alters crop yield, soil organic carbon and total nitrogen 
in the north China. Plain Soil Till. Res. 205:104772. doi: 10.1016/j.still.2020. 
104772

Liu, J., Li, S., Yue, S., Tian, J., Chen, H., Jiang, H., et al. (2021). Soil microbial 
community and network changes after long-term use of plastic mulch and nitrogen 
fertilization on semiarid farmland. Geoderma 396:115086. doi: 10.1016/j.geoderma.2021. 
115086

Liu, L., Liu, D., Ding, X., Chen, M., and Zhang, S. (2024). Straw incorporation and 
nitrogen fertilization enhance soil carbon sequestration by altering soil aggregate and 
microbial community composition in saline-alkali soil. Plant Soil 498, 341–356. doi: 
10.1007/s11104-023-06439-z

Ma, H., Yan, X., Gao, E., Qiu, Y., Sun, X., Wang, S., et al. (2024). Changes in composition 
and function of soil microbial communities during secondary succession in oldfields on the 
Tibetan plateau. Plant Soil 495, 429–443. doi: 10.1007/s11104-023-06336-5

Osburn, E. D., McBride, S. G., Aylward, F. O., Badgley, B. D., Strahm, B. D., 
Knoepp, J. D., et al. (2019). Soil bacterial and fungal communities exhibit distinct long-
term responses to disturbance in temperate forests. Front. Microbiol. 10:2872. doi: 
10.3389/fmicb.2019.02872

Pérez-Izquierdo, L., Rincón, A., Lindahl, B. D., and Buée, M. (2021). “Chapter 
13-fungal community of forest soil: diversity, functions, and services” in Forest 
microbiology. eds. F. O. Asiegbu and A. Kovalchuk (Cambridge, MA: Academic Press), 
231–255.

Qi, Y. Z., Zhen, W. C., and Li, H. Y. (2015). Allelopathy of decomposed maize straw 
products on three soil-born diseases of wheat and the analysis by GC-MS. J. Integr. Agric. 
14, 88–97. doi: 10.1016/S2095-3119(14)60795-4

Qiu, L., Li, Y., Zhong, Q., Ma, W., Kuang, Y., Zhou, S., et al. (2023). Adaptation 
mechanisms of the soil microbial community under stoichiometric imbalances and 
nutrient-limiting conditions in a subtropical nitrogen-saturated forest. Plant Soil 489, 
239–258. doi: 10.1007/s11104-023-06014-6

Ren, H., Liu, Z., Wang, X., Zhou, W., Zhou, B., Zhao, M., et al. (2024). Long-term excessive 
nitrogen application decreases spring maize nitrogen use efficiency via suppressing root 
physiological characteristics. J. Integr. Agric. doi: 10.1016/j.jia.2024.05.031

Shen, H., Wang, B., Jiao, Y., Zhang, X., Zhang, Q., and Xiong, Z. (2023). Bacteria are 
more sensitive than fungi to soil fertility in an intensive vegetable field. Appl. Soil Ecol. 
190:105003. doi: 10.1016/j.apsoil.2023.105003

Song, B., Li, Y., Yang, L., Shi, H., Li, L., Bai, W., et al. (2023). Soil acidification under 
long-term n addition decreases the diversity of soil bacteria and fungi and changes their 
community composition in a semiarid grassland. Microb. Ecol. 85, 221–231. doi: 
10.1007/s00248-021-01954-x

Song, T., Wang, J., Xu, X., Sun, C., Sun, C., Chen, Z., et al. (2023). Microbial 
community and network differently reshaped by crushed straw or biochar incorporation 
and associated with nitrogen fertilizer level. GCB Bioenergy 15, 1255–1272. doi: 
10.1111/gcbb.13090

https://doi.org/10.3389/fmicb.2025.1554657
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s42832-023-0205-3
https://doi.org/10.1007/s11104-023-06315-w
https://doi.org/10.1016/j.agee.2021.107795
https://doi.org/10.1038/s41477-020-00763-3
https://doi.org/10.1186/s12284-023-00651-2
https://doi.org/10.3389/fpls.2023.1121073
https://doi.org/10.3389/fmicb.2023.1302775
https://doi.org/10.1016/S1002-0160(21)60091-7
https://doi.org/10.1038/s41598-019-38952-6
https://doi.org/10.4236/as.2011.21006
https://doi.org/10.1038/s41467-024-47323-3
https://doi.org/10.1016/j.fcr.2023.109021
https://doi.org/10.1016/j.fcr.2022.108447
https://doi.org/10.3389/fmicb.2020.580024
https://doi.org/10.1007/s13593-013-0182-5
https://doi.org/10.3389/fmicb.2024.1485281
https://doi.org/10.1016/j.ecoenv.2018.05.014
https://doi.org/10.1007/s11368-018-2102-4
https://doi.org/10.1007/s11104-024-06600-2
https://doi.org/10.1016/j.still.2020.104772
https://doi.org/10.1016/j.still.2020.104772
https://doi.org/10.1016/j.geoderma.2021.115086
https://doi.org/10.1016/j.geoderma.2021.115086
https://doi.org/10.1007/s11104-023-06439-z
https://doi.org/10.1007/s11104-023-06336-5
https://doi.org/10.3389/fmicb.2019.02872
https://doi.org/10.1016/S2095-3119(14)60795-4
https://doi.org/10.1007/s11104-023-06014-6
https://doi.org/10.1016/j.jia.2024.05.031
https://doi.org/10.1016/j.apsoil.2023.105003
https://doi.org/10.1007/s00248-021-01954-x
https://doi.org/10.1111/gcbb.13090


Guo et al. 10.3389/fmicb.2025.1554657

Frontiers in Microbiology 12 frontiersin.org

Tian, J., Lou, Y., Gao, Y., Fang, H., Liu, S., Xu, M., et al. (2017). Response of soil organic 
matter fractions and composition of microbial community to long-term organic and 
mineral fertilization. Biol. Fertil. Soils 53, 523–532. doi: 10.1007/s00374-017-1189-x

Tian, D., and Niu, S. (2015). A global analysis of soil acidification caused by nitrogen 
addition. Environ. Res. Lett. 10:024019. doi: 10.1088/1748-9326/10/2/024019

Wang, Y. K., Zhang, Z. B., Jiang, F. H., Guo, Z. C., and Peng, X. H. (2021). Evaluating 
soil physical quality indicators of a vertisol as affected by different tillage practices under 
wheat-maize system in the North China plain. Soil Till. Res. 209:104970. doi: 
10.1016/j.still.2021.104970

Xu, Z., Sun, R., He, T., Sun, Y., Wu, M., Xue, Y., et al. (2023). Disentangling the impact of 
straw incorporation on soil microbial communities: enhanced network complexity and 
ecological stochasticity. Sci. Total Environ. 863:160918. doi: 10.1016/j.scitotenv.2022.160918

Yang, L., Muhammad, I., Chi, Y. X., Wang, D., and Zhou, X. B. (2022). Straw return 
and nitrogen fertilization to maize regulate soil properties, microbial community, and 
enzyme activities under a dual cropping system. Front. Microbiol. 13:823963. doi: 
10.3389/fmicb.2022.823963

Zhang, M., Dang, P., Haegeman, B., Han, X., Wang, X., Pu, X., et al. (2024). The effects 
of straw return on soil bacterial diversity and functional profiles: a meta-analysis. Soil 
Biol. Biochem. 195:109484. doi: 10.1016/j.soilbio.2024.109484

Zhang, S., Zhang, G., Wang, D., and Liu, Q. (2021). Long-term straw return with N 
addition alters reactive nitrogen runoff loss and the bacterial community during rice 
growth stages. J. Environ. Manag. 292:112772. doi: 10.1016/j.jenvman.2021.112772

Zhao, X., Liu, B. Y., Liu, S. L., Qi, J. Y., Wang, X., Pu, C., et al. (2020). Sustaining crop 
production in China's cropland by crop residue retention: a meta-analysis. Land Degrad. 
Dev. 31, 694–709. doi: 10.1002/ldr.3492

Zheng, L., Chen, H., Wang, Y., Mao, Q., Zheng, M., Su, Y., et al. (2020). Responses of 
soil microbial resource limitation to multiple fertilization strategies. Soil Till. Res. 
196:104474. doi: 10.1016/j.still.2019.104474

Zhu, Y. X., Yang, R., Wang, X. Y., Wen, T., Gong, M. H., Shen, Y., et al. (2022). Gut 
microbiota composition in the sympatric and diet-sharing Drosophila simulans and 
Dicranocephalus wallichii bowringi shaped largely by community assembly processes 
rather than regional species pool. Imeta 1:e57. doi: 10.1002/imt2.57

https://doi.org/10.3389/fmicb.2025.1554657
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00374-017-1189-x
https://doi.org/10.1088/1748-9326/10/2/024019
https://doi.org/10.1016/j.still.2021.104970
https://doi.org/10.1016/j.scitotenv.2022.160918
https://doi.org/10.3389/fmicb.2022.823963
https://doi.org/10.1016/j.soilbio.2024.109484
https://doi.org/10.1016/j.jenvman.2021.112772
https://doi.org/10.1002/ldr.3492
https://doi.org/10.1016/j.still.2019.104474
https://doi.org/10.1002/imt2.57

	Long-term straw return with moderate nitrogen levels reshapes soil bacterial communities in a vertisol
	1 Introduction
	2 Materials and methods
	2.1 Study site and experimental design
	2.2 Soil sampling
	2.3 Soil chemical properties analysis
	2.4 DNA extraction, PCR amplification, and high-throughput sequencing
	2.5 Analysis of the sequencing data
	2.6 Statistical analysis

	3 Results
	3.1 Crop yields and soil chemical properties
	3.2 Alpha diversity of soil bacterial and fungal community
	3.3 Composition of soil bacterial and fungal community
	3.4 Relationships between microbial communities, soil properties, and crop yields

	4 Discussion
	4.1 Effects of straw management and N fertilization on crop yields and soil properties
	4.2 Effects of straw management and N fertilization on soil microbial diversity and composition
	4.3 Linkages between soil microbial communities, soil properties, and crop yield

	5 Conclusion

	References

