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Abstract: Traditional rice production is often reliant on the unsustainable practice of utilizing intensive
inputs in monoculture cropping systems. Alternatives fallow cover cropping and rice–fish coculture
(RFC) offer promising solutions. However, the potential of fallow cover cropping in RFC remains
underexplored, and its impact on soil microbes is poorly understood. In this study, assessments of
soil–plant–microbe interactions were conducted across three cover cropping systems: Chinese milk
vetch (Astragalus sinicus L.) single cropping (CM), Rapeseed (Brassica napus L.) single cropping (RP),
and a combination of Chinese milk vetch and rapeseed intercropping (CM_RP). These systems were
evaluated with and without nitrogen (N) addition, encompassing both the RFC and rice monoculture
(RMC) systems. The findings indicate a notable increase in soil microbial biomass nitrogen (MBN)
with CM. Soil microbial biomass carbon (MBC), influenced more by N-fertilizer than crop species,
decreased with N addition. In the RFC system, the soil bacterial co-occurrence network exhibited
more connections, yet negative links increased. CM_RP displayed similarities to CM without N
but shifted closer to RP with N addition. N addition in intercropping significantly increased the
root–shoot ratio (R/S) of A. sinicus, associated with decreased aboveground biomass and total root
length. Compared to RMC, RFC with N addition reduced the relative abundance of Anaerolineaceae
in CM while increasing Bacillus and Pontibacter across cover cropping systems. Overall, with N
addition, both RFC and RMC showed decreased soil bacterial diversity indices. Changes in soil
bacterial diversity correlated significantly with soil MBC, MBN, and plant R/S. Continuous fallow
cover cropping altered soil microbial biomass and affected cover crop biomass distribution, impacting
bacterial composition in paddy soil. These results shed light on how bacterial communities respond
to N addition and fallow cover cropping in RFC and RMC systems, offering insights for sustainable
nutrient management in paddy systems.

Keywords: cover crop; intercropping; nitrogen addition; root–microbe interaction; paddy system

1. Introduction

Sustainable agricultural practices are crucial for conserving the biodiversity of agro-
ecosystems [1,2]. However, compared to natural ecosystems, the species diversity and
stress resistance of agro-ecosystems are low due to the excessive use of chemical fertilizers
and pesticides, leading to soil aggregate structure degradation and decreases in the levels
of beneficial organisms, such as earthworms and plant-growth-promoting rhizobacteria [3].
To preserve biodiversity and increase the resilience of agro-ecosystems, traditional eco-
logical agricultural models, such as the rice–fish coculture system (RFC), have gained
popularity [4,5]. Previous studies have highlighted RFC’s potential to meet carbon peak
and neutrality goals by reducing chemical inputs, curbing nutrient loss, and optimizing
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resource allocation during the summer rice season [6]. However, the impact of RFC on crop
production and agro-ecosystem biodiversity during the winter season remains unclear.

Fallow cover cropping, especially intercropping, represents a viable approach to en-
hancing agro-ecosystem species diversity. In intercropping systems, the roots of different
plant species directly interact, producing root exudates that contain higher concentrations
of organic compounds like sugars, amino acids, and carboxylic acids [7]. Higher con-
centrations of organic nutrients provide adequate carbon sources for the reproduction of
rhizosphere microflora and enhance the metabolic activity of soil microbes, thus promoting
the diversification of soil microbial community [8]. Microbial functionalities such as carbon
fixation pathways in prokaryotes, the citrate cycle of bacteria, and wood saprotrophs of
fungi are upregulated in intercropping systems [9]. Among various intercropping models,
the Chinese milk vetch–rapeseed intercropping system exhibits a significant improvement
in sustainable productivity in the middle and lower reaches of the Yangtze River in China.
Previous rice monoculture-based studies have reported that intercropping with Chinese
milk vetch reduces the carbon utilization rate and microbial metabolic activity in the
rhizosphere soil of rapeseed, altering its microbial community structure and reducing di-
versity [10,11]. Additionally, rapeseed intercropping offers notable advantages, displaying
root exudates akin to those observed in rapeseed monocultures [12,13]. While the mecha-
nisms governing crop interactions in intercropping systems have been widely reported, the
specific role of intercropping in the RFC system and the impacts of cultivation patterns,
nitrogen (N) addition, and crop species remain inadequately understood. A thorough un-
derstanding of how fallow cover cropping and N addition impact soil microbes in the RFC
system is pivotal, as it not only reveals intricate soil–plant–microbe interactions but also
expands the applications of cover crops in the RFC system. By addressing the knowledge
gap on the soil legacy effect and exploring the mechanisms governing soil–plant–microbe
feedback during winter fallow, this study provides novel insights for sustainable paddy
field management. Optimizing fallow cover crop configurations and implementing arti-
ficial interventions like N addition offer practical approaches to bolster the stability and
sustainability of the RFC system.

In the RFC system, investigating the effects of cover cropping and N addition on
crop production and biodiversity conservation might entail augmenting agro-ecosystem
root–microbe interactions. Recently, specific root–microbe interactions have been identified
in several cover crop species within natural systems [14–16]; however, comprehending
the intricate community interactions and trophic relationships among living organisms in
agro-ecosystems is essential. Insights into the impacts of intercropping systems and N addi-
tion on root–microbe interactions are critical for improving food production sustainability
and maintaining productivity. The functional attributes of plant roots and soil microorgan-
isms are pivotal in anticipating agro-ecosystem responses to human interventions. Plants
exhibit mutualistic relationships with various organisms, including fungal endophytes,
mycorrhizal fungi, and growth-promoting bacteria, which are all pivotal drivers of root–
microbe interactions [17–19]. While species-specific soil pathogens and root herbivores
might curtail crop yield in agro-ecosystems, they facilitate plant succession and biodiversity
maintenance [20,21]. Long-term excess tillage and fertilization in agro-ecosystems reduce
microbial biomass and disrupt interaction networks, resulting in soil nitrogen leaching and
detrimental feedback on plant productivity [4,22]. While many studies have focused on
the impact of root–microbe interactions on crop productivity, the correlation between soil
microbial transformation and root morphogenesis, along with the effects of tillage practices
on root–microbe interactions, remains unclear. Therefore, comprehending the pivotal role
of soil organisms in influencing root–microbe interactions’ dynamics and strength is vital
for leveraging these organisms as efficient management tools within the RFC system.

The objective of this study was to assess and compare the impacts of fallow cover
cropping and N addition on soil microbial biomass, soil bacterial diversity, and the dis-
tribution of aboveground and belowground cover crop biomass in the rice–fish coculture
(RFC) and rice monoculture (RMC) systems. A comprehensive analysis of root–microbe



Agronomy 2024, 14, 456 3 of 16

interactions in three cropping systems was conducted, employing two soil cultivation
practices (RFC and RMC) with and without N-fertilizer addition. The hypotheses were as
follows: (1) soil microbial biomass without N addition would surpass that with N addition,
and the variation will be influenced by diverse fallow cover cropping methods in the
RFC system; (2) cover crop management practice is expected to exert more pronounced
effects on shaping soil bacterial communities in RFC compared to RMC, considering its
multifunctionality in improving soil conditions; and (3) interspecific belowground inter-
actions will play a pivotal role in altering soil bacterial diversity and reshaping spatial
distribution characteristics under cover cropping. The findings illustrate that implementing
cover cropping and optimizing N fertilizer management in paddy fields not only reduces
reliance on chemical inputs but also enhances agro-ecosystem service functions, thereby
contributing significantly to biodiversity conservation and sustainable agriculture. Ad-
ditionally, potential application scenarios are provided for farmers to develop adaptable
coculture models and employ diverse cover cropping techniques, promoting more resilient
and environmentally friendly farming practices.

2. Materials and Methods
2.1. Experimental Design

A mesocosm experiment was performed in a greenhouse to analyze the impacts of
distinct soil sources, intercropping, and N fertilization on soil composition, nutrient avail-
ability, bacterial diversity, and root morphology. Three cropping systems were established:
Chinese milk vetch (Astragalus sinicus L.) single cropping (CM), Rapeseed (Brassica napus L.)
single cropping (RP), and Chinese milk vetch and rapeseed intercropping (CM_RP). In the
single cropping approach, A. sinicus or B. napus were planted at a density of 6 or 3 plants
per pot, respectively. For intercropping, A. sinicus and B. napus were planted at densities
of 4 and 2 plants per pot, respectively. The plant density was set considering field plant-
ing habits and aiming to make optimal use of the limited mesocosm area. Two distinct
concentrations of N-fertilizer were applied: N0 (0 mg kg−1) and N1 (100 mg kg−1), which
corresponded to 0 kg N hm−2 and 225 kg N hm−2, respectively, in accordance with local
agricultural practices. Twelve treatment combinations were established from the three
factors, and each treatment comprised three replicates.

The experiment was conducted in a greenhouse located at Zhuanghang Experimental
Station of Shanghai Academy of Agricultural Sciences (SAAS), Shanghai, China (30◦88′ N,
121◦38′ E). The greenhouse was maintained at temperatures ranging from 20 to 25 ◦C
during the day and 6 to 11 ◦C at night, with the air relative humidity at around 60%–80%.
Throughout the growth period, there was exposure to daylight for 10.5–11.2 h per day,
with a light intensity of approximately 400 µmol m−2 s−1. Soil samples (calcareous al-
luvial soil; soil depth: 0–20 cm) were collected from the standard rice rooting zone at a
long-term rice rotation experiment site situated on Chongming Island, Shanghai, China
(31◦77′ N, 121◦26′ E), in October 2020 during the rice harvest season for both rice–fish
coculture (RFC soil) and conventional rice monoculture (RMC soil). Upon arrival at the
SAAS, the samples were immediately air-dried. Subsequently, the soil was crushed using
an industrial mill, sieved with a mesh size of 2 mm to break macro aggregates, and the
remaining stones were removed prior to milling. Microcosms were prepared in circular
pots (16.5 cm diameter at the top, 10 cm at the bottom, and 15.2 cm high) filled with 1.5 kg
of air-dried soil. The initial RFC soil parameters were as follows: pH, 8.05; total organic
carbon (TOC) content, 10.2 g kg−1 soil; available N (AN) content, 66.8 mg kg−1; available
P (AP) content, 22.5 mg kg−1; available K (AK) content, 180.2 mg kg−1; total dissolved
salt (TDS), 1.98%; and 16S rRNA gene copies, 2.95 × 109 g−1 soil. The initial RMC soil
parameters were as follows: pH, 7.82; total organic carbon (TOC) content, 9.54 g kg−1 soil;
available N (AN) content, 102.0 mg kg−1; available P (AP) content, 38.7 mg kg−1; available
K (AK) content, 161.3 mg kg−1; total dissolved salt (TDS), 1.86%; and 16S rRNA gene copies,
2.24 × 109 g−1 soil. The application concentrations of P and K in all treatments were set
at 112.5 kg hm−2 and 225 kg hm−2, respectively. N, P, and K fertilizers were applied
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in the form of calcium nitrate tetrahydrate (N% = 11.86), monopotassium phosphate
(P% = 22.79 and K% = 28.68), and potassium sulphate (K% = 44.83), respectively. Ad-
ditionally, to ensure adequate nutrient supply for plant growth, the soil samples were
fertilized with the following basal nutrients (mg pot−1): Ca(NO3)2·4H2O, 1687; K2SO4,
200; MgSO4·7H2O, 65; Fe-EDTA, 8.78; MnSO4·H2O, 10; ZnSO4·7H2O, 15; CuSO4·5H2O, 3;
H3BO3, 2; and Na2MoO4·5H2O, 0.25.

The seeds of A. sinicus and B. napus were obtained from Shanghai Nongle Planting
Co., Ltd. (Shanghai, China). To ensure sterility, the seeds underwent surface sterilization
using a 30% v/v H2O2 for 20 min. They were then rinsed thoroughly with deionized water,
immersed in a CaSO4-saturated solution for 12 h, and subsequently placed on wet filter
paper within Petri dishes for 1 day at 25 ◦C to facilitate germination. All pots were arranged
in a completely randomized design and rerandomized weekly throughout the experiment.
Soil moisture was maintained at 18% (w/w), determined gravimetrically by daily weighing
of each pot during the experiment period [23].

2.2. Soil Sampling

After 70 days of continuous incubation in the greenhouse, plants were harvested,
and soil samples were collected. Roots were meticulously extracted from the pots, gently
shaken to eliminate loose soil, and the remaining tightly adhering soil around the roots
was defined as rhizosphere soil. Approximately 5.0 g of rhizosphere soils was collected by
shaking roots gently for 3 min into a bag and mixing thoroughly. Simultaneously, around
1.0 kg of bulk soils from the pots was collected and homogenized by sieving through a
4 mm mesh. The collected soil samples were then separated for further analysis: (1) bulk
soil samples were air-dried for analysis of their basic physicochemical properties, and
(2) rhizosphere soil samples were stored at −20 ◦C for subsequent high-throughput gene
sequencing and real-time quantitative polymerase chain reaction (qPCR) analysis.

2.3. Measurements
2.3.1. Plant Biomass Estimation and Root Analyses

Plant shoots and roots were harvested and separated 70 days after planting. Before
preparing for the biomass measurement, roots were washed in deionized water and scanned
using an EPSON root scanner at a 400 dots-per-inch resolution (Epson Expression 1600 pro,
Seiko Epson Corporation, Nagano, Japan). Total root length (TRL) was calculated using the
Win-RHIZO 2017a (Regent Instruments Inc., Quebec, QC, Canada) [24]. Shoots and roots
were oven-dried at 105 ◦C for 30 min, followed by an additional drying period at 65 ◦C for
3 days, and they were ultimately weighed to determine dry biomass.

2.3.2. Soil Physicochemical Properties

Soil chemical properties, including TOC, nitrate nitrogen (NIN), ammonium nitrogen
(AMN), AP, AK, TDS, and pH, were assessed using the methods described by Lu [25].
TOC content was determined using the potassium dichromate method. NIN content
was determined using the KCl extraction–ultraviolet spectrophotometry method. AMN
content was determined using the indigo colorimetric method. AP and AK contents were
determined using spectrophotometry. Soil pH was determined in a 1:2.5 (soil/water)
aqueous suspension using a pH meter (FE28, Mettler Toledo, Giessen, Germany). Soil TDS
was determined using the gravimetric method. Soil microbial biomass carbon (MBC) and
nitrogen (MBN) were measured using the chloroform fumigation method [26].

2.3.3. Soil DNA Extraction and Bacterial Community Analysis

Bacterial DNA was extracted from around 0.5 g of the rhizosphere soil samples using
the FastDNA Spin Kit for Soil, and stored at −20 ◦C. The V3–V4 region of the 16S rRNA
gene was amplified from the isolated bacterial DNA using the primer set 338F/806R in an
ABI GeneAmp 9700 PCR system (Applied Biosystems, Foster City, CA, USA). Polymerase
chain reaction (PCR) was performed as follows: 3 min of denaturation at 95 ◦C, 27 cycles of
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30 s at 95 ◦C, 30 s of annealing at 55 ◦C, and 45 s of elongation at 72 ◦C, and a final extension
occurred at 72 ◦C for 10 min. PCR was performed in triplicate with a reaction mixture
(20 µL) containing 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each primer
(5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template DNA. Quality and concen-
tration of the extracted DNA were assessed using 1% agarose gel electrophoresis and the
NanoDrop™1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Illumina pair-end library preparation, cluster generation, and 250 bp pair-end sequencing
were conducted by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.3.4. qPCR

The impact of intercropping and N-fertilizer on bacterial abundance in the soil sam-
ples was assessed via qPCR. The qPCR mixture (25 µL) comprised 12.5 µL of Maxima
SYBR green/ROX qPCR Master Mix (Fermentas, Vilnius, Lithuania), 1 µL each of both
primers (338F/806R, 5 µM), 5 µL of template DNA, and 5.5 µL of ddH2O. The specificity
of the qPCR amplicons was confirmed through melting curves and gel electrophoresis.
For all the experiments, negative controls without template DNA were subjected to the
same qPCR procedure. Gene abundance in each reaction was calculated based on the
constructed standard curves and converted to copies per gram of soil, assuming 100% DNA
extraction efficiency.

2.3.5. Structural Equation Modeling (SEM) Equations

SEM analysis was conducted to elucidate the direct and indirect pathways through
which abiotic and biotic soil properties influenced plant growth and its response to N-
fertilizer, following the expectations outlined in a priori models. Maximum likelihood
estimation was employed to fit SEM using IBM SPSS Amos 21.0 software (Amos De-
velopment Corporation, Chicago, IL, USA). Models were considered to fit well when
0 ≤ Chi-squared/df ≤ 2, as well as when the p-value > 0.05 [27].

2.3.6. Statistical Optimization and Biometric Analysis of Sequencing Data

Purified amplicons were equimolarly pooled and subjected to paired-end sequencing
on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) following standard proto-
cols provided by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw FASTQ
files were quality filtered using Trimmomatic (version 0.33) and merged using FLASH
(version 1.2.7). Operational taxonomic units (OTUs) were clustered using a 97% similar-
ity threshold in the UPARSE pipeline (version 7.1). After high-throughput sequencing
and optimization, 2,261,796 sequences with 939,596,193 bps were obtained for the twelve
treatments (n = 36); the average sequence length was 415.4 bp. The OTU representative
sequences for the bacteria were identified using the Silva (SSU123) 16S rRNA database
(https://www.arb-silva.de/, accessed on 22 February 2021). Sequence data were deposited
in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA)
under the accession number SRP415876.

2.4. Statistical Analysis

A one-way analysis of variance was used to examine the effects of soil cultivating
patterns, N-fertilizer levels, and cropping systems on the shoot biomass, N uptake, and
root morphology (including root biomass and root length) of RP or CM. Post hoc mean
comparisons were conducted using the least significant difference (LSD) test at a 5%
probability level (p ≤ 0.05) via SPSS statistical software (SPSS version 21.0, IBM SPSS Inc.,
Chicago, IL, USA). Following the verification of data normality through the Shapiro–Wilk
test, all data were normalized for other analyses using z-score transformation. Student’s
t-tests were employed to compare data between A. sinicus or B. napus treatments with
and without N addition. QIIME (1.7.0) software was used to calculate the alpha and beta
diversity of bacteria. Principal co-ordinates analysis (PCoA) was performed using the
vegan data package in R software (version 3.5.1, Lucent Technologies, Holmdel, NJ, USA).

https://www.arb-silva.de/
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3. Results
3.1. Soil Physiochemical Properties

The analyses revealed that cultivation patterns, N addition, and fallow cover cropping
systems significantly affected NIN, MBC, and MBN (microbial biomass nitrogen). The
interaction among soil cultivation patterns, N addition, and cropping systems had a more
pronounced effect on MBN (F = 177.378, p ≤ 0.001) and NIN (F = 43.890, p ≤ 0.001)
compared to MBC (F = 8.917, p = 0.006) and TOC (F = 0.618, p = 0.440). In the RFC system,
soil MBN significantly increased in both CM and CM_RP treatments without N addition
(Table 1, Table S1). Soil NIN notably increased in both RFC and RMC systems with N
addition. Soil AP was significantly higher in RFC than in RMC.

Table 1. Effects of different treatments on soil carbon and nitrogen in paddy soil.

Source Variable F p Source Variable F p Source Variable F p

Soil
(S)

NIN 128.328 <0.001

S ∗ C

NIN 667.168 <0.001

S ∗ C ∗ N

NIN 43.890 <0.001
AMN 0.597 0.447 AMN 89.684 <0.001 AMN 2.963 0.098
MBC 16.510 <0.001 MBC 14.408 <0.001 MBC 8.917 0.006
MBN 142.914 <0.001 MBN 92.677 <0.001 MBN 177.378 <0.001
TOC 65.733 <0.001 TOC 1.264 0.301 TOC 0.618 0.440

Crop
(C)

NIN 188.467 <0.001

N ∗ C

NIN 1257.417 <0.001
AMN 17.639 <0.001 AMN 59.995 <0.001
MBC 43.835 <0.001 MBC 18.746 <0.001
MBN 309.256 <0.001 MBN 31.657 <0.001
TOC 7.437 0.003 TOC 4.350 0.024

Nitrogen
(N)

NIN 6122.326 <0.001

S ∗ N

NIN 4817.469 <0.001
AMN 44.391 <0.001 AMN 26.534 <0.001
MBC 109.748 <0.001 MBC 7.213 0.013
MBN 243.445 <0.001 MBN 142.935 <0.001
TOC 27.439 <0.001 TOC 1.759 0.197

Note: General linear model (p-values) for determining the effects of rice cultivating pattern (S), nitrogen addition
(N), and cover cropping system (C) on physiochemical properties of the paddy soil. Significant p-values (≤0.05)
are shown in bold. NIN, nitrate nitrogen; AMN, ammonium nitrogen; MBC, microbial carbon; MBN, microbial
nitrogen; TOC, total organic carbon.

3.2. Characterization of Bacterial Communities and Co-Occurrence Networks

The bacterial community composition exhibited no significant variation between the
RFC and RMC soils. In both soil types, the predominant phyla, including Proteobacteria,
Actinobacteria, Chloroflexi, and Acidobacteria, collectively accounted for 78.55–81.40% of
all sequences (Figure S1). PCoA revealed that both cultivation practices and N addition
had more substantial influences on soil bacterial composition than the type of cropping
system. The bacterial composition was akin to that between CM and CM_RP soils without
N addition (Figure S2), suggesting that CM was more competitive than RP without N
addition. However, with N addition, the inter-specific competition between CM and RP
shifted, resulting in a closer resemblance of the CM_RP microbial community composition
to that of RP.

Detailed analysis at the genus level revealed greater differences among the three
cover cropping systems (Figure 1). In the RFC system, the abundance of the genus no-
rank_f_Anaerolineaceae in CM_RP was 59.28% and 17.33% higher than that in CM and RP,
respectively, with N addition. Similar trends were observed for the genus Pontibacter. With-
out N addition, norank_f_Anaerolineaceae increased significantly in CM (5.35%), while in
RP and CM_RP, it increased up to 2.91% and 2.70%, respectively. In the RMC system with-
out N addition, the abundance of norank_f_Anaerolineaceae and norank_f_Actinobacteria
in CM and CM_RP was significantly higher than in the RP samples.
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Figure 1. Comparative analysis of the bacterial community at genus level in soils with different
cultivation systems (subgraph (a): rice–fish coculture soil with N addition; (b): rice–fish coculture
soil without N addition; (c): rice monoculture soil with N addition; (d): rice monoculture soil without
N addition; legend CM: single cropping of Astragalus sinicus; RP: single cropping of Brassica napus;
CM_RP: intercropping of A. sinicus L. and B. napus L.; *, p ≤ 0.05; **, p ≤ 0.01).

We constructed bacterial association networks to assess overall effects on soil bacterial
interactions in both RFC and RMC. The feedback response had a significant impact on
these networks. In the RFC network, total bacterial edges were 42.7% higher compared to
the RMC network, indicating enhanced connections and closer relationships (Figure 2). The
feedback response also led to notable changes in the ratio of positive (red line) to negative
(green line) correlations. The number of positive correlations exceeded the number of
negative correlations in both networks, yet the positive links in RFC were 23.97% fewer
than those in RMC. These results suggested that while soil bacterial associations were more
closely linked in RFC, competitive inhibition was higher. Additionally, N addition and
intercropping significantly affected the alpha diversity of bacterial communities in both
RFC and RMC systems (Figure 2). Specifically, the Shannon diversity index of soil bacteria
in RFC decreased with N addition, showing varied suppression effects among different
cover cropping systems. Moreover, the Chao1 diversity index indicated that CM exhibited
significantly higher diversity than RP and CM_RP without N addition (p ≤ 0.05).
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Figure 2. Co-occurrence networks and diversity indices of soil bacterial communities (subgraph (a):
co-occurrence networks of rice–fish coculture soil; (b): co-occurrence networks of rice monoculture
soil; (c): conventional soil with nitrogen (N) addition; (d): conventional soil without N addition;
legend CM + N0, single cropping of Astragalus sinicus without N addition; CM + N1, single cropping
of A. sinicus with N addition; RP + N0, single cropping of Brassica napus without N addition; RP + N1,
single cropping of B. napus with N addition; CM_RP + N0, intercropping of A. sinicus and B. napus
without N addition; CM_RP + N1, intercropping of A. sinicus and B. napus with N addition. A
connection represents a strong correlation for the rice–fish coculture soil and conventional soil
fractions. The co-occurring networks are colored by phylum. For each panel, the size of the node
is proportional to the degree of connections. Red lines indicate a positive interaction between
two individual nodes, while green lines indicate a negative interaction. Lowercase letters denote
significant difference between treatments).

3.3. Plant Biomass and Root Morphology

N addition in both RFC and RMC systems inhibited the development of belowground
parts of A. sinicus (Figure 3), with significantly lower root dry biomass compared to
conditions without added N (p ≤ 0.05). However, no significant effect of N addition was
observed on the dry biomass of the aboveground parts of A. sinicus in both the RFC and
RMC systems (p > 0.05). Interestingly, intercropping mitigated the inhibition of A. sinicus
belowground growth caused by N addition. The observed trends in the RFC system were
consistent with those in the RMC system.
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Figure 3. Effects of nitrogen (N) addition and cover cropping system on crop growth. (subgraph
(a,c,e,g): crop aboveground biomass, belowground biomass, root–shoot ratio and total root length
for rice–fish coculture soil; subgraph (b,d,f,h): crop aboveground biomass, belowground biomass,
root–shoot ratio and total root length for rice monoculture soil. CM: Astragalus sinicus; RP: Brassica
napus. Each value is the mean of four replicates (+SE). Two-factor randomized block analysis was
used to analyze the significant differences in plant aboveground biomass of A. sinicus or B. napus
between single cropping and intercropping. Capital letters denote significant differences among
B. napus in single cropping or intercropping without N addition and capital letters with single quotes
(′) denotes significant differences in B. napus with N addition. Lowercase letters denote significant
difference in A. sinicus without N addition. Lowercase letters with single quotes (′) denote significant
differences in A. sinicus with N addition. *, p ≤ 0.05; **, p ≤ 0.01; ns, p > 0.05).
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The total root length (TRL) and the root–shoot ratio (R/S) were significantly influ-
enced by the interaction of N addition and cover cropping (Figure 3). Specifically in the
RFC system, B. napus had a TRL of 28.2 m plant−1 with N addition and 24.5 m plant−1

without N addition, while A. sinicus had TRL values of 2.5 m plant−1 with N addition and
5.9 m plant−1 without N addition. Furthermore, in the RFC system, the R/S of B. napus
was 221.28% lower than that of A. sinicus with N addition and 218.94% lower without N
addition. The R/S of plants in different cover cropping systems was significantly affected
by N addition. N addition significantly reduced R/S of A. sinicus and B. napus in single
cropping, but it increased in the case of intercropping. The effect of N addition on the
belowground growth of A. sinicus varied between the CM_RP treatments in the RFC
and RMC systems. In the RFC system, N addition proved to be more beneficial for the
belowground growth of A. sinicus in CM_RP, whereas the opposite trend was observed
in the RMC system. On the other hand, for B. napus, N addition stimulated aboveground
growth and led to a decrease in R/S in both RFC and RMC systems.

In the RFC system, the R/S of A. sinicus and B. napus decreased by 39.40% and 40.43%,
respectively, due to N addition in single cropping. However, a significant decrease in the
belowground growth of plants in the CM_RP treatment was observed only in B. napus.
Notably, for A. sinicus in CM_RP, there was a significant decline in aboveground biomass
(p ≤ 0.05), followed by a significant increase in R/S (p ≤ 0.05). The result indicates that
intercropping in the RFC system reduced the suppressive effect of N addition on the R/S
of A. sinicus through the redistribution of aboveground and belowground biomass and the
reshaping of root morphology.

3.4. Correlations between Soil Properties and Plant Growth Parameters

The correlations between soil properties and plant growth parameters exhibited con-
siderable variability between the RFC and RMC systems (Table 2). Within the RFC system,
significant correlations (p ≤ 0.05) were observed among soil MBC and MBN, Shannon
diversity index, plant R/S, and root dry weight (RDW). Notably, R/S and RDW showed
strong correlations with soil AMN, pH, bacterial gene copies, and plant TRL. Conversely, in
the RMC system, the previously observed negative correlation between MBN and RDW and
the positive correlation between MBC and R/S were not statistically significant (p > 0.05).
However, a significant positive correlation was found between bacterial gene copies and
soil NIN content in the RFC system. Additionally, significant negative correlations were
noted between bacterial gene copies and soil AMN and MBC in the RMC system (p ≤ 0.05).

Table 2. Pearson’s correlation matrix for 12 traits in soil and plant samples under rice–fish coculture
cultivation (lower-left diagonal) and rice monoculture cultivation (upper-right diagonal) treatments.

Traits NIN AMN MBC MBN pH TOC RDW R/S RTL Shannon
Index

Gene
Copies

NIN - −0.09 −0.05 0.26 0.33 −0.45 −0.45 0.13 −0.41 0.00 0.48 *
AMN 0.52 * - 0.29 0.21 0.37 −0.63 ** 0.07 −0.40 0.21 0.34 −0.50 *
MBC −0.51 * 0.32 - 0.29 −0.43 −0.44 −0.74 ** 0.39 −0.60 ** 0.57 * −0.61 **
MBN −0.35 0.40 0.78 ** - 0.20 −0.61 ** −0.22 0.46 * −0.05 0.50* 0.00

pH −0.14 −0.36 −0.36 −0.39 - −0.18 0.35 −0.51 * 0.39 −0.34 0.42
TOC 0.27 0.19 0.05 −0.05 −0.23 - 0.47 * −0.25 0.28 −0.68 ** 0.25
RDW −0.34 −0.76 ** −0.56 * −0.55 * 0.57 * −0.44 - −0.50 * 0.95 ** −0.53 * 0.12
R/S 0.08 0.67 ** 0.70 ** 0.81 ** −0.65 ** 0.12 −0.84 ** - −0.46 * 0.47 * −0.05
RTL −0.41 −0.72 ** −0.46 * −0.48 * 0.61 ** −0.29 0.86 ** −0.85 ** - −0.41 0.00

Shannon
index −0.33 0.31 0.71 ** 0.57 * −0.42 0.43 −0.62 ** 0.53 * −0.40 - −0.34

Gene
copies −0.36 −0.42 −0.13 −0.37 0.59 ** −0.45 0.57 * −0.46 * 0.43 −0.30 -

Note: NIN, nitrate nitrogen; AMN, ammonium nitrogen; MBC, microbial carbon; MBN, microbial nitrogen; TOC,
total organic carbon; RDW, root dry weight; R/S, root–shoot ratio; RTL, root total length; Shannon index, Shannon
diversity index for 16S rDNA genes; Gene copies, gene copies for 16S rDNA. *, p ≤ 0.05; **, p ≤ 0.01.
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3.5. Mechanisms of Soil Bacterial Community and Plant Growth to N and Intercropping

To elucidate the effects of N addition and cover cropping treatments on plant growth
and soil bacterial diversity, structural equation modeling (SEM) was employed. The
pathways involving soil bacterial abundance and diversity, R/S, and shoot dry weight
(SDW) responding to N addition and cover cropping treatments differed between the RFC
and RMC systems (Figure 4a,b). Notably, the intercropping treatment exhibited a more
pronounced effect on soil MBC, MBN, NIN, plant R/S, and SDW, as well as soil bacterial
diversity and abundance compared to the N addition treatment. These findings aligned
with the results obtained from the analysis of variance (ANOVA) (Table 1). Moreover, the
standardized total effect values for cover cropping on the SDW were 0.743 and 0.794 in the
RFC and RMC systems, respectively. In contrast, the effect values for N addition on the
SDW were −0.215 and 0.108 in the two systems, respectively (Figure 4c,d), indicating that
plant aboveground growth responded more significantly to the cover cropping treatment
than to N addition in both systems.
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Figure 4. Structural equation models (SEMs) based on abiotic and biotic links in the rice–fish coculture
soil (a) and rice monoculture soil (b); standardized direct and indirect effects from SEMs in the rice–
fish coculture soil (c) and rice monoculture soil (d). Numbers adjacent to arrows represent covariances.
Gray and red arrows indicate positive and negative relationships, respectively. r2 values indicate the
proportion of variance explained for each variable. Significance levels are denoted with * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001. The model satisfactorily fitted to the data as suggested by the Chi-squared/df
values. GFI, Jöreskog’s goodness of fit index; RMSEA, the root mean square error of approximation;
MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; NIN, nitrate nitrogen; R/S,
root–shoot ratio; SDW, shoot dry weight.

The standardized total effects values of R/S on bacterial diversity and abundance
were 7.79 and 14.63 times greater in RFC compared to RMC soil, respectively (Figure 4c,d).
Similar trends were observed for the effect of the SDW on bacterial diversity and abundance.
This indicates that plant growth had a greater influence on the soil bacterial community
in the RFC system. The model elucidated 46% and 18% of the variability in bacterial
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diversity and abundance within the RFC system, and 15% and 91% within the RMC
system, respectively.

4. Discussion
4.1. Cover Crop Species Composition Altered Soil Microbial Biomass and Nutrient Availability in
the RFC System

Intercropping brassicas with legumes has been reported to enhance brassica yield
by promoting root interactions and amplifying soil microbial biomass and functional
activity in the brassica rhizosphere [12,13]. However, the observations indicated that in
the RFC system, intercropping did not bolster aboveground biomass accumulation for
either of the two crop species (Figure 4). This study demonstrates that cover crop species
differ in their abilities to increase soil nutrient and microbial biomass, suggesting that
RFC might intensify interspecific competition between cover crop species. Particularly
noteworthy is the substantial increase in soil MBC and MBN associated with the cultivation
of A. sinicus (Table S1). Intriguingly, intercropping with B. napus reversed the inhibitory
effects of A. sinicus on soil TOC, AP, and AK. These findings support our first hypothesis
and emphasize the importance of cover crop species composition in formulating fallow
cover cropping strategies for the RFC system.

Soil microbial biomass, commonly regarded as an indicator of soil biological activ-
ity, plays a pivotal role in nutrient cycling, organic matter decomposition, and mineral
transformation processes [28]. Previous studies of RFC systems have demonstrated the
maintenance of highly efficient nutrient transformation by increasing soil microbial biomass
and ensuring microbial community stability [29,30]. The leguminous species A. sinicus
has been widely acknowledged for its ability to enhance N utilization and prevent soil
degeneration owing to its extensive root systems and legume nodules [31]. The findings
confirm that cover cropping with A. sinicus accelerated N recycling, thereby increasing soil
N availability, consistent with previous reports [32]. Previous studies have highlighted that
cover crops may secure soil available nutrients by forming and stabilizing macroaggregates
as well as by reducing soil nutrients leaching [33–35]. Additionally, various cover crop
species may offer distinct qualities of C and N resources, resulting in discrepancies in sup-
porting microbial growth, proliferation, and metabolic activity [36–39]. Soil C sequestration
is facilitated alongside N promotion due to heightened microbial activity in the rhizosphere
of A. sinicus. Simultaneously, the extensive root system improves soil permeability and
releases organic acids, showcasing A. sinicus’s potential to enhance the soil availability of
C, P, and K [29]. Considering the substantial root density development of A. sinicus, the
elevated nutrient contents in paddy soil might effectively meet the nutritional requirements
for cover crop growth, potentially reducing reliance on supplemental chemical fertilizers in
the RFC system.

4.2. N Addition Inhibited Microbial Carbon Biomass in the RFC System

Previous studies have indicated that when soil nutrients sufficiently meet microbial
stoichiometric requirements, microbial activities increased, and C and N mineralization
was stimulated [40,41]. Contrary to these findings, this study observed a decrease in MBC
and MBN with N addition in all cases, except for B. napus when used as a single cover crop.
This decline is primarily attributed to the accumulation of soil N induced by N addition,
resulting in an imbalanced C:N:P ratio [42,43], leading to a reduction in soil microbial
community diversity, particularly affecting functional microbial communities related to
the N cycle. Single cover cropping the cruciferous crop B. napus with N addition increased
both aboveground biomass and soil MBN by meeting its high N demands. In the RFC
system, it was observed that intercropping mitigated the inhibitory effect of N addition
on the belowground biomass of A. sinicus, whereas an opposite trend was noticed for
aboveground biomass. The results highlighted how intercropping cultivation management,
with or without N addition, might regulate the root–shoot ratio through interspecific
competition [32,44]. Compared to the RMC system, the RFC system demonstrated relatively
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more stable interspecific competition concerning soil microbial biomass in intercropping
with N addition, supporting our second hypothesis. While this study suggests that suitable
fallow intercropping practices enhance soil nutrient availability and crop complementarity,
it is crucial to consider additional parameters when deciphering root–microbe interactions.
As interactions among each component rely on cropping system optimization, resource-
use efficiency, disease resistance, and other related factors [19,20], future research should
explore the underlying mechanisms used to improve paddy soil productivity. Enhancement
in species cooperation can be achieved in the RFC system through crop rotation and
intercropping. Therefore, further research endeavors can facilitate the optimization of the
RFC system to restore agro-ecosystems post anthropogenic disturbance, paving the way
toward ecologically sustainable and environmentally friendly rice production.

4.3. Cover Cropping Had a Greater Impact on Restructuring Soil Bacterial Communities in the
RFC System Compared to the RMC System

In this study, the correlation network of the soil bacterial community for the RFC
system exhibited more connections compared to the RMC system (Figure 2). Furthermore,
it was observed that the soil bacterial community characteristics in intercropping were
more akin to those of A. sinicus single cropping without N, rather than with N addition
(Figure S2). These results are in accordance with previous observations, emphasizing
that efficient cultivation management fosters positive plant–soil feedback interactions,
temporally and spatially enhancing productivity by facilitating belowground rhizosphere
microflora [14,20,24,45,46]. Investigating root–rhizosphere microbe interactions between
A. sinicus and B. napus intercropping is crucial for developing strategies to manage rhizo-
sphere, thereby enhancing crop productivity and nutrient-use efficiency in the RFC system.
A. sinicus and B. napus, belonging to different green manure families, exhibit distinctive
characteristics that could result in variable effects on the abundance and diversity of the
rhizosphere soil bacterial community. The relative abundance of Anaerolineaceae and Pon-
tibacter significantly differed among cover cropping patterns in the RFC system with N
addition (Figure 1), while Defluviicoccus showed a significant difference without N addi-
tion. Prior research has highlighted the involvement of Anaerolineaceae in a methanogenic
alkanes-degrading consortium [47]. Moreover, Pontibacter has been associated with poten-
tial nitrogen-fixing activity [48], while Defluviicoccus might face inhibition in high nitrite
concentrations and compete with phosphate-accumulating organisms during anaerobic
polyhydroxyalkanoates synthesis [49].

It was observed that, compared to B. napus, the root proliferation of A. sinicus was
inhibited by intercropping (Figure 3), consequently leading to a reduction in soil bacterial
diversity (Figure 2) and the diminishing of the advantage of root–shoot allocation (Figure 3).
These observations provide evidence that root–microbe interactions between A. sinicus and
B. napus were pivotal in managing intercropping, influencing the microbial composition
in the rhizosphere, supporting our third hypothesis. Given the diverse effects of different
cropping systems and fertilization regimes on nutrient utilization efficiency and soil micro-
bial community diversity [41], optimizing agriculture management strategies is essential
for improving the production capacity of paddy soil and exploiting positive root–microbe
interactions. This finding supports that cover cropping with different green manure species
during winter fallow, with or without N addition, profoundly affects rhizosphere processes
related to N fixation and P activation in the RFC system. In recent decades, climate change
has led to cycles of soil drying and moistening, potentially increasing nutrient loss and
carbon emissions from rice paddies [50,51]. However, the effectiveness of cover cropping
in mitigating climate-induced nutrient loss remains uncertain, and data on the contribution
of fallow seasons to global paddy emissions are lacking. For future research, it is advisable
to explore high-throughput multiomics approaches to investigate root exudate dynamics
and nutrient signaling networks. Additionally, exploring rhizosphere microbial assembly,
interaction, functioning, and diversification at regional and global scales is pivotal for
advancing the understanding of C, N, and P cycling in agro-ecosystems.
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5. Conclusions

Understanding soil biotic and abiotic factors in the rice–fish coculture system is crucial
for enhancing rice field management and advocating for sustainable land utilization. This
study reveals that cover crop species and N-fertilizer management have diverse effects
on microbial properties under different soil conditions. Interestingly, it was observed
that cover crops without N addition generally enhance root–microbe interactions by aug-
menting microbial biomass and bacterial diversity compared to those with N addition.
Irrespective of the cover crop species, N addition emerged as a primary factor shaping the
soil bacterial community and altering root–microbe interactions. These findings propose a
promising model for advancing sustainable agriculture, particularly in regions practicing
rice cultivation in conjunction with fish farming. Further investigation is warranted to
delve deeper into the ecological implications of cover cropping on soil legacy and the un-
derlying mechanisms governing nutrient cycling within this traditional rice–fish coculture
agro-ecosystem.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy14030456/s1, Table S1: Effects of different treatments
on soil physiochemical properties in the rhizosphere of Astragalus sinicus and Brassica napus; Figure S1:
Comparative analysis of the bacterial community at phylum level in soils with different cultivation
systems; Figure S2: PCoA analysis on OUT level for the bacterial community structures in the soils
using the method of unweighted_unifrac distance algorithm.

Author Contributions: Conceptualization, H.Z.; methodology, S.G.; investigation, S.X. and D.Z.;
writing—original draft preparation, S.C.; writing—review and editing, S.C.; visualization, S.C.;
supervision, H.Z.; project administration, H.Z.; funding acquisition, S.C. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Domestic Cooperation Program of Shanghai Science
and Technology Commission, grant number 20025800500, and the Outstanding Team Program of
Shanghai Academy of Agricultural Science, grant number Hu-Nong-Ke-Zhuo 2022 (008).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. German, R.N.; Thompson, C.E.; Benton, T.G. Relationships among multiple aspects of agriculture’s environmental impact and

productivity: A meta-analysis to guide sustainable agriculture. Biol. Rev. 2017, 92, 716–738. [CrossRef]
2. Thakur, M.P.; van der Putten, W.H.; Wilschut, R.A.; Veen, G.F.; Kardol, P.; van Ruijven, J.; Allan, E.; Roscher, C.; van Kleunen, M.;

Bezemer, T.M. Plant–Soil feedbacks and temporal dynamics of plant diversity–productivity relationships. Trends Ecol. Evol. 2021,
36, 651–661. [CrossRef] [PubMed]

3. He, H.; Yu, L.; Yang, X.; Luo, L.; Liu, J.; Chen, J.; Kou, Y.; Zhao, W.; Liu, Q. Effects of Different Soils on the Biomass and
Photosynthesis of Rumex nepalensis in Subalpine Region of Southwestern China. Forests 2022, 13, 73. [CrossRef]

4. Li, Y.; Li, L.; Yu, Y.; Hu, Q.; Li, X. Impact of dietary protein content on soil bacterial and fungal communities in a rice–crab
co-culture system. Front. Microbiol. 2021, 12, 696427. [CrossRef]

5. Liu, H.; Ling, Y.; Liu, N.; Chen, Y.; Wei, S. The determination of regulating thresholds of soil pH under different cadmium stresses
using a predictive model for rice safe production. Environ. Sci. Pollut. Res. 2022, 29, 88008–88017. [CrossRef] [PubMed]

6. Guo, P.; Yang, L.; Kong, D.; Zhao, H. Differential effects of ammonium and nitrate addition on soil microbial biomass, enzymatic
activities, and organic carbon in a temperate forest in North China. Plant Soil 2022, 481, 595–606. [CrossRef]

7. Wahbi, S.; Prin, Y.; Thioulouse, J.; Sanguin, H.; Baudoin, E.; Maghraoui, T.; Oufdou, K.; Roux, C.L.; Galiana, A.; Hafidi, M.; et al.
Impact of wheat/faba bean mixed cropping or rotation systems on soil microbial functionalities. Front. Plant Sci. 2016, 7, 1364.
[CrossRef]

8. Levy, A.; Salas Gonzalez, I.; Mittelviefhaus, M.; Clingenpeel, S.; Herrera Paredes, S.; Miao, J.; Wang, K.; Devescovi, G.; Stillman,
K.; Monteiro, F.; et al. Genomic features of bacterial adaptation to plants. Nat. Genet. 2018, 50, 138–150. [CrossRef]

9. Lian, T.; Mu, Y.; Jin, J.; Ma, Q.; Cheng, Y.; Cai, Z.; Nian, H. Impact of intercropping on the coupling between soil microbial
community structure, activity, and nutrient-use efficiencies. PeerJ 2019, 7, e6412. [CrossRef]

10. Chen, S.; Xu, C.; Yan, J.; Zhang, X.G.; Zhang, X.F.; Wang, D. The influence of the type of crop residue on soil organic carbon
fractions: An 11-year field study of rice-based cropping systems in southeast China. Agric. Ecosyst. Environ. 2016, 223, 261–269.
[CrossRef]

https://www.mdpi.com/article/10.3390/agronomy14030456/s1
https://www.mdpi.com/article/10.3390/agronomy14030456/s1
https://doi.org/10.1111/brv.12251
https://doi.org/10.1016/j.tree.2021.03.011
https://www.ncbi.nlm.nih.gov/pubmed/33888322
https://doi.org/10.3390/f13010073
https://doi.org/10.3389/fmicb.2021.696427
https://doi.org/10.1007/s11356-022-21751-4
https://www.ncbi.nlm.nih.gov/pubmed/35821322
https://doi.org/10.1007/s11104-022-05663-3
https://doi.org/10.3389/fpls.2016.01364
https://doi.org/10.1038/s41588-017-0012-9
https://doi.org/10.7717/peerj.6412
https://doi.org/10.1016/j.agee.2016.03.009


Agronomy 2024, 14, 456 15 of 16

11. Gao, S.J.; Cao, W.; Zou, C.; Gao, J.; Huang, J.; Bai, J.; Zeng, N.; Shimizu, K.; Wright, A.; Dou, F. Ammonia-oxidizing archaea are
more sensitive than ammonia-oxidizing bacteria to long-term application of green manure in red paddy soil. Appl. Soil Ecol. 2018,
124, 185–193. [CrossRef]

12. Zhang, D.; Li, H.; Fu, Z.; Cai, S.; Xu, S.; Zhu, H.; Shen, J. Increased planting density of Chinese milk vetch (Astragalus sinicus)
weakens phosphorus uptake advantage by rapeseed (Brassica napus) in a mixed cropping system. AoB Plants 2019, 11, plz033.
[CrossRef]

13. Zhou, Q.; Chen, J.; Xing, Y.; Xie, X.; Wang, L. Influence of intercropping Chinese milk vetch on the soil microbial community in
rhizosphere of rape. Plant Soil 2019, 440, 85–96. [CrossRef]

14. Van der Putten, W.H.; Bradford, M.A.; Brinkman, E.P.; Van de Voorde, F.J.; Veen, G.F. Where, when and how plant—Soil feedback
matters in a changing world. Funct. Ecol. 2016, 30, 1109–1121. [CrossRef]

15. Lambers, H.; Albornoz, F.; Kotula, L.; Laliberté, E.; Ranathunge, K.; Teste, F.P.; Zemunik, G. How belowground interactions
contribute to the coexistence of mycorrhizal and non-mycorrhizal species in severely phosphorus-impoverished hyperdiverse
ecosystems. Plant Soil 2018, 424, 11–33. [CrossRef]

16. Yang, T.; Lupwayi, N.; Marc, S.A.; Siddique, K.H.; Bainard, L.D. Anthropogenic drivers of soil microbial communities and impacts
on soil biological functions in agroecosystems. Glob. Ecol. Conserv. 2021, 27, e01521. [CrossRef]

17. Roy, J.; van Duijnen, R.; Leifheit, E.F.; Mbedi, S.; Temperton, V.M.; Rillig, M.C. Legacy effects of pre-crop plant functional group
on fungal root symbionts of barley. Ecol. Appl. 2021, 31, e02378. [CrossRef] [PubMed]

18. Wang, G.Z.; Li, H.G.; Christie, P.; Zhang, F.S.; Zhang, J.L.; Bever, J.D. Plant–soil feedback contributes to intercropping overyielding
by reducing the negative effect of take-all on wheat and compensating the growth of faba bean. Plant Soil 2017, 415, 1–12.
[CrossRef]

19. Zhang, C.; Xue, W.; Xue, J.; Zhang, J.; Qiu, L.; Chen, X.; Hu, F.; Kardol, P.; Liu, M. Leveraging functional traits of cover crops to
coordinate crop productivity and soil health. J. Appl. Ecol. 2022, 59, 2627–2641. [CrossRef]

20. Mariotte, P.; Mehrabi, Z.; Bezemer, T.M.; De Deyn, G.B.; Kulmatiski, A.; Drigo, B.; Veen, G.F.; van der Heijden, M.G.; Kardol, P.
Plant–Soil Feedback: Bridging Natural and Agricultural Sciences. Trends Ecol. Evol. 2018, 33, 129–142. [CrossRef] [PubMed]

21. Yuan, X.; Niu, D.; Weber-Grullon, L.; Fu, H. Nitrogen deposition enhances plant-microbe interactions in a semiarid grassland:
The role of soil physicochemical properties. Geoderma 2020, 373, 114446. [CrossRef]

22. Nash, J.; Laushman, R.; Schadt, C. Ectomycorrhizal fungal diversity interacts with soil nutrients to predict plant growth despite
weak plant-soil feedbacks. Plant Soil 2020, 453, 445–458. [CrossRef]

23. Chen, Q.; Fan, X.; Zhu, D.; An, X.; Su, J.; Cui, L. Effect of biochar amendment on the alleviation of antibiotic resistance in soil and
phyllosphere of Brassica chinensis L. Soil Biol. Biochem. 2018, 119, 74–82. [CrossRef]

24. Wen, Z.; Li, H.B.; Shen, Q.; Tang, X.; Xiong, C.; Li, H.G.; Pang, J.; Ryan, M.H.; Lambers, H.; Shen, J. Tradeoffs among root
morphology, exudation and mycorrhizal symbioses for phosphorus-acquisition strategies of 16 crop species. New Phytol. 2019,
223, 882–895. [CrossRef] [PubMed]

25. Lu, R.K. Soil Argrochemistry Analysis Protocoes; China Agriculture Science Press: Beijing, China, 1999; pp. 154–196.
26. Moore, J.M.; Klose, S.; Tabatabai, M.A. Soil microbial biomass carbon and nitrogen as affected by cropping systems. Biol. Fert.

Soils 2000, 31, 200–210. [CrossRef]
27. Delgado-Baquerizo, M.; Eldridge, D.J.; Ochoa, V.; Gozalo, B.; Singh, B.K.; Maestre, F.T. Soil microbial communities drive the

resistance of ecosystem multifunctionality to global change in drylands across the globe. Ecol. Lett. 2017, 20, 1295–1305. [CrossRef]
[PubMed]

28. Formaglio, G.; Veldkamp, E.; Damris, M.; Tjoa, A.; Corre, M.D. Mulching with pruned fronds promotes the internal soil N cycling
and soil fertility in a large-scale oil palm plantation. Biogeochemistry 2021, 154, 63–80. [CrossRef]

29. Arunrat, N.; Sansupa, C.; Kongsurakan, P.; Sereenonchai, S.; Hatano, R. Soil microbial diversity and community composition in
rice–fish co-culture and rice monoculture farming system. Biology 2022, 11, 1242. [CrossRef] [PubMed]

30. Li, S.; Liu, J.; Yao, Q.; Yu, Z.; Li, Y.; Jin, J.; Liu, X.; Wang, G. Short-term lime application impacts microbial community composition
and potential function in an acid black soil. Plant Soil 2022, 470, 35–50. [CrossRef]

31. Yan, Z.; Zhou, J.; Liu, C.; Jia, R.; Mganga, K.Z.; Yang, L.; Yang, Y.; Peixoto, L.; Zang, H.; Zeng, Z. Legume-based crop diversification
reinforces soil health and carbon storage driven by microbial biomass and aggregates. Soil Till. Res. 2023, 234, 105848. [CrossRef]

32. Murrell, E.G.; Ray, S.; Lemmon, M.E.; Luthe, D.S.; Kaye, J.P. Cover crop species affect mycorrhizae-mediated nutrient uptake and
pest resistance in maize. Renew. Agric. Food Syst. 2020, 35, 467–474. [CrossRef]

33. Aljerib, Y.M.; Geng, M.J.; Xu, P.D.; Li, D.H.; Rana, M.S.; Zhu, Q. Equivalent incorporation of Chinese milk vetch and rice straw
enhanced nutrient mineralization and reduced greenhouse gas emissions. Soil Sci. Plant Nutr. 2022, 68, 167–174. [CrossRef]

34. Kim, N.; Zabaloy, M.C.; Guan, K.Y.; Villamil, M.B. Do cover crops benefit soil microbiome? A meta-analysis of current research.
Soil Biol. Biochem. 2020, 142, 107701. [CrossRef]

35. Finney, D.M.; Buyer, J.S.; Kaye, J.P. Living cover crops have immediate impacts on soil microbial community structure and
function. J. Soil Water Conserv. 2017, 72, 361–373. [CrossRef]

36. Bu, R.Y.; Cheng, W.L.; Han, S.; Hu, R.; Wang, H.; Tang, S.; Li, M.; Zhu, Q.; Wu, L.; Cao, W.D. Continuous co-incorporation of
chinese milk vetch and rice straw with reduced chemical fertilizer maintains rice yield as a consequence of increased carbon and
nitrogen storage in soil aggregates. J. Soil Sci. Plant Nutr. 2023, 23, 3361–3372. [CrossRef]

https://doi.org/10.1016/j.apsoil.2017.09.041
https://doi.org/10.1093/aobpla/plz033
https://doi.org/10.1007/s11104-019-04040-x
https://doi.org/10.1111/1365-2435.12657
https://doi.org/10.1007/s11104-017-3427-2
https://doi.org/10.1016/j.gecco.2021.e01521
https://doi.org/10.1002/eap.2378
https://www.ncbi.nlm.nih.gov/pubmed/33988274
https://doi.org/10.1007/s11104-016-3139-z
https://doi.org/10.1111/1365-2664.14264
https://doi.org/10.1016/j.tree.2017.11.005
https://www.ncbi.nlm.nih.gov/pubmed/29241940
https://doi.org/10.1016/j.geoderma.2020.114446
https://doi.org/10.1007/s11104-020-04616-y
https://doi.org/10.1016/j.soilbio.2018.01.015
https://doi.org/10.1111/nph.15833
https://www.ncbi.nlm.nih.gov/pubmed/30932187
https://doi.org/10.1007/s003740050646
https://doi.org/10.1111/ele.12826
https://www.ncbi.nlm.nih.gov/pubmed/28921861
https://doi.org/10.1007/s10533-021-00798-4
https://doi.org/10.3390/biology11081242
https://www.ncbi.nlm.nih.gov/pubmed/36009869
https://doi.org/10.1007/s11104-021-04913-0
https://doi.org/10.1016/j.still.2023.105848
https://doi.org/10.1017/S1742170519000061
https://doi.org/10.1080/00380768.2022.2032334
https://doi.org/10.1016/j.soilbio.2019.107701
https://doi.org/10.2489/jswc.72.4.361
https://doi.org/10.1007/s42729-023-01253-z


Agronomy 2024, 14, 456 16 of 16

37. Zhou, W.; Guo, Z.; Chen, J.; Jiang, J.; Hui, D.F.; Wang, X.; Sheng, J.; Chen, L.G.; Luo, Y.Q.; Zheng, J.C.; et al. Direct seeding for
rice production increased soil erosion and phosphorus runoff losses in subtropical China. Sci. Total Environ. 2019, 695, 133845.
[CrossRef] [PubMed]

38. Li, J.; Xie, J.; Deng, G.Q.; Guan, X.J.; Liang, X.H.; Chen, X.M.; Qiu, C.F.; Qian, Y.F.; Xia, W.J.; Liu, J.; et al. New insights from
soil microorganisms for sustainable double rice–cropping system with 37-year manure fertilization. Agronomy 2023, 13, 261.
[CrossRef]

39. Zhou, G.P.; Gao, S.J.; Lu, Y.H.; Liao, Y.L.; Nie, J.; Cao, W.D. Co-incorporation of green manure and rice straw improves rice
production, soil chemical, biochemical and microbiological properties in a typical paddy field in southern China. Soil Till. Res.
2020, 197, 104499. [CrossRef]

40. Hu, F.; Zhao, C.; Feng, F.; Chai, Q.; Mu, Y.; Zhang, Y. Improving N management through intercropping alleviates the inhibitory
effect of mineral N on nodulation in pea. Plant Soil 2017, 412, 235–251. [CrossRef]

41. Xu, H.; Qu, Q.; Li, G.; Liu, G.; Geissen, V.; Ritsema, C.J.; Xue, S. Impact of nitrogen addition on plant-soil-enzyme C–N–P
stoichiometry and microbial nutrient limitation. Soil Biol. Biochem. 2022, 170, 108714. [CrossRef]

42. Lin, J.; Roswanjaya, Y.P.; Kohlen, W.; Stougaard, J.; Reid, D. Nitrate restricts nodule organogenesis through inhibition of cytokinin
biosynthesis in Lotus japonicus. Nat. Commun. 2021, 12, 6544. [CrossRef]

43. Fan, Y.Q.; Liu, Q.; Huo, R.X.; Wang, Y.N.; Guo, L.C.; Yang, Z.P.; Huang, T.M.; Gao, Z.Q.; Qiao, Y.J. Effects of nitrogen addition on
rhizosphere soil microbial community and yield of wheat in Loess Plateau. Eurasian Soil Sci. 2023, 56, 1739–1750. [CrossRef]

44. Wei, X.; Zhu, Z.; Liu, Y.; Luo, Y.; Deng, Y.; Xu, X.; Liu, S.; Richter, A.; Shibistova, O.; Guggenberger, G.; et al. C:N:P stoichiometry
regulates soil organic carbon mineralization and concomitant shifts in microbial community composition in paddy soil. Biol.
Fertil. Soils 2020, 56, 1093–1107. [CrossRef]

45. Wei, D.; Xing, C.; Hou, D.; Zeng, S.; Zhou, R.; Yu, L.; Wang, H.; Deng, Z.; Weng, S.; He, J.; et al. Distinct bacterial communities in
the environmental water, sediment and intestine between two crayfish–plant coculture ecosystems. Appl. Microbiol. Biotechnol.
2021, 105, 5087–5101. [CrossRef] [PubMed]

46. Gao, H.; Tian, G.; Rahman, M.K.; Wu, F.Z. Cover Crop Species Composition Alters the Soil Bacterial Community in a Continuous
Pepper Cropping System. Front. Microbiol. 2022, 12, 789034. [CrossRef] [PubMed]

47. Liang, B.; Wang, L.Y.; Zhou, Z.; Mbadinga, S.M.; Zhou, L.; Liu, J.F.; Yang, S.Z.; Gu, J.D.; Mu, B.Z. High frequency of Thermod-
esulfovibrio spp. and Anaerolineaceae in association with Methanoculleus spp. in a long-term incubation of n-alkanes-degrading
methanogenic enrichment culture. Front. Microbiol. 2016, 7, 1431. [CrossRef] [PubMed]

48. Xu, L.; Zeng, X.C.; Nie, Y.; Luo, X.; Zhou, E.; Zhou, L.; Pan, Y.; Li, W. Pontibacter diazotrophicus sp. nov., a novel nitrogen-fixing
bacterium of the family cytophagaceae. PLoS ONE 2014, 9, e92294. [CrossRef] [PubMed]

49. Wang, Z.; Guo, F.; Mao, Y.; Xia, Y.; Zhang, T. Metabolic characteristics of a glycogen-accumulating organism in Defluviicoccus
cluster ii revealed by comparative genomics. Microb. Ecol. 2014, 68, 716–728. [CrossRef] [PubMed]

50. Daryanto, S.; Fu, B.J.; Wang, L.X.; Jacinthe, P.A.; Zhao, W.W. Quantitative synthesis on the ecosystem services of cover crops.
Earth-Sci. Rev. 2018, 185, 357–373. [CrossRef]

51. Qian, H.; Zhu, X.; Huang, S.; Linquist, B.; Kuzyakov, Y.; Wassmann, R.; Minamikawa, K.; Martinez-Eixarch, M.; Yan, X.; Zhou, F.;
et al. Greenhouse gas emissions and mitigation in rice agriculture. Nat. Rev. Earth Environ. 2023, 4, 716–732. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2019.133845
https://www.ncbi.nlm.nih.gov/pubmed/31421335
https://doi.org/10.3390/agronomy13010261
https://doi.org/10.1016/j.still.2019.104499
https://doi.org/10.1007/s11104-016-3063-2
https://doi.org/10.1016/j.soilbio.2022.108714
https://doi.org/10.1038/s41467-021-26820-9
https://doi.org/10.1134/S1064229323600847
https://doi.org/10.1007/s00374-020-01468-7
https://doi.org/10.1007/s00253-021-11369-w
https://www.ncbi.nlm.nih.gov/pubmed/34086119
https://doi.org/10.3389/fmicb.2021.789034
https://www.ncbi.nlm.nih.gov/pubmed/35046916
https://doi.org/10.3389/fmicb.2016.01431
https://www.ncbi.nlm.nih.gov/pubmed/27695441
https://doi.org/10.1371/journal.pone.0092294
https://www.ncbi.nlm.nih.gov/pubmed/24647674
https://doi.org/10.1007/s00248-014-0440-3
https://www.ncbi.nlm.nih.gov/pubmed/24889288
https://doi.org/10.1016/j.earscirev.2018.06.013
https://doi.org/10.1038/s43017-023-00482-1

	Introduction 
	Materials and Methods 
	Experimental Design 
	Soil Sampling 
	Measurements 
	Plant Biomass Estimation and Root Analyses 
	Soil Physicochemical Properties 
	Soil DNA Extraction and Bacterial Community Analysis 
	qPCR 
	Structural Equation Modeling (SEM) Equations 
	Statistical Optimization and Biometric Analysis of Sequencing Data 

	Statistical Analysis 

	Results 
	Soil Physiochemical Properties 
	Characterization of Bacterial Communities and Co-Occurrence Networks 
	Plant Biomass and Root Morphology 
	Correlations between Soil Properties and Plant Growth Parameters 
	Mechanisms of Soil Bacterial Community and Plant Growth to N and Intercropping 

	Discussion 
	Cover Crop Species Composition Altered Soil Microbial Biomass and Nutrient Availability in the RFC System 
	N Addition Inhibited Microbial Carbon Biomass in the RFC System 
	Cover Cropping Had a Greater Impact on Restructuring Soil Bacterial Communities in the RFC System Compared to the RMC System 

	Conclusions 
	References

