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Abstract

Background and aims Studies verify that inter-
cropping effects soil nutrient content, enzyme activ-
ity, aggregate stability, arbuscular mycorrhizal fungi
(AMF) community and glomalin-related soil protein
(GRSP) content in Red Soil (Ultisol in the USDA
Taxonomy, Acrisol in the WRB Soil Taxonomy) on
sloping farmland. However, the comprehensive con-
tribution of soil nutrients, enzyme activity, AMF
community and GRSP to the characteristics of water-
stable aggregates under different planting patterns of
maize and soybean are not fully understood.
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Methods A long-term field experiment commenced
in 2018. Three treatments of maize (Zea mays L.)
monoculture, soybean (Glycine max L.) monoculture
and maize-soybean intercropping were established in
an experimental field. The planting patterns, crop vari-
eties and fertilizer rates of each plot were consistent for
each of the four years of experiments (2018-2021).
Results Results showed that intercropping can
improve the concentrations of alkali-hydrolysable
nitrogen, available phosphorus and total extractable
glomalin-related soil protein, the activities of enzyme
(urease, invertase, acid phosphatase and catalase)
and the mean weight diameter (MWD) in the rhizo-
sphere soil of maize and soybean. Moreover, results
proved that intercropping can potentially increase
AMF diversity and macro-aggregates (>2.0 mm) in
the maize rhizosphere and macro-aggregates (0.5-
2.0 mm) in the soybean rhizosphere.

Conclusion Intercropping of maize and soybean can
increase soil aggregate stability in the rhizosphere of
the two crops. The easily extractable glomalin-related
soil protein was the main factor affecting soil aggre-
gate stability and the formation of >2.0 mm aggre-
gates in the maize rhizosphere. Soil organic matter
was the main factor affecting soil aggregate stability
and the formation of 0.5-2.0 mm aggregates in the
soybean rhizosphere.

Keywords Intercropping - Soil aggregates -

Enzymatic activity - Glomalin-related soil protein -
Arbuscular mycorrhizal fungi community
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Introduction

Soil erosion is a common natural geological phe-
nomenon in terrestrial ecosystems and has become
a global problem in agroecosystems due to the loss
of soil and nutrients from croplands, resulting in
decreased cropland quality and productivity (Ozsahin
2023). The key to solve this problem is to decrease
soil erodibility. The stability of soil aggregates is an
important index to determine soil erodibility, which is
affected by the complex dynamics of physical, chemi-
cal and biological factors (Barthés and Roose 2002;
Rillig et al. 2015). Among them, microorganisms are
the most active biological factors, and their demand
for nutrients can indirectly affect aggregate stability
by regulating enzyme production (Rillig et al. 2015).
Arbuscular mycorrhiza fungi (AMF) are a group of
endophytic fungi belonging to Glomeromycota and
can form mycorrhizal symbiosis with >80% of ter-
restrial plants (Sharmah and Jha 2014). AMF can
affect the composition and stability of soil aggregates
due to the adhesion of AMF to the cell surface. Zhang
et al. (2022) studied the effects of AMF on soil aggre-
gates in maize-soybean intercropping and found that
the AMF community was positively correlated with
aggregate (>5.0 mm) concentration. Furthermore,
the entanglement of hyphae and the secretion of glo-
malin-related soil protein (GRSP) can also increase
aggregate stability (Simpson et al. 2007; Ji et al.
2019). GRSP is a highly stable hydrophobic pro-
tein. According to the difficulty of extraction, it can
be divided into easily extractable glomalin-related
soil protein (EE-GRSP) and total glomalin-related
soil protein (T-GRSP) (Sarapatka 2019). GRSP can
adhere to sand, silt and clay particles and soil organic
matter (SOM) to form aggregates (i.e., it is a pedolog-
ical “super glue” in terms of its contribution to aggre-
gate stability (Sarapatka 2019). Ji et al. (2019) dem-
onstrated a significant positive correlation between
GRSP concentration and water-stable aggregates.
Recent studies showed that intercropping can
increase soil enzyme activity, GRSP concentration
and aggregate stability, but different crops have dif-
ferent effects on soil nutrient concentrations and
AMF community diversity (Zhao et al. 2020b; Wang
et al. 2018). For example, Weng et al. (2021) stud-
ied the effect of maize/soybean intercropping on soil
nutrients. They concluded that the concentration of
available phosphorus (P), available potassium (K) and
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SOM in the rhizosphere decreased and the concen-
tration of available nitrogen (N) increased in maize
intercropping compared with maize monoculture. Fu
et al. (2020) showed that compared with monoculture,
maize/potato intercropping significantly increased
SOM concentrations, and there was no significant
difference in either available N or available K. Zhang
et al. (2020) studied the effect of maize/soybean inter-
cropping on the AMF community in the rhizosphere.
The results showed that the planting pattern had no
significant effect on the o diversity of AMF in the
maize rhizosphere but could significantly increase o
diversity of AMF in the soybean rhizosphere. How-
ever, Zhang et al. (2022) showed that maize/soybean
intercropping increased o diversity of AMF in both
maize and soybean soils. This may be due to differ-
ences between crops and soil types. Moreover, AMF
community, enzyme activity, the concentration of soil
nutrients and GRSP effects on the distribution charac-
teristics of the water-stable aggregates on Red Soils
on sloping farmland are poorly understood. Therefore,
in this study, three treatments of maize monoculture,
soybean monoculture and maize-soybean intercrop-
ping were established on sloping farmland Red Soils
in Yunnan Province. Soil nutrient concentrations,
GRSP concentrations, enzyme activity, water-stable
aggregate distribution and AMF community changes
under different planting patterns were analyzed. The
mechanisms explaining the formation and stability of
soil aggregate was clarified, which provided a theo-
retical basis for the selection of planting patterns on
arable Red Soils.

Materials and methods
Description of the study site

The field experiment was conducted on a Red Soil
in Dabai Community, Songhuaba, Panlong Dis-
trict, Kunming City, Yunnan Province (25°27°8"’N,
102°78’5°E). The slope of the experimental site was
8°, altitude was 2210 m, mean annual temperature
was 16 °C, and annual rainfall was 900-1000 mm.
Thus, the site had a subtropical monsoon climate.
The soil at 0-20 cm depth was collected by ‘S’ type
five-point sampling method in each plot of the test
site, and the soil collected at five points was mixed
into one soil sample. The basic physical and chemical
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properties of each plot were measured, and the mean
values calculated. The mean SOM concentration of
the cultivated layer (Ap horizon) was 36.77 gkg™!,
soil pH was 4.96, alkali-hydrolysable N was
103.64 mgkg™', available P was 18.05 mg-kg™" and
available K was 332.33 mg-kg™".

Design of the experiment

In this study, the experiment was established in 2018
as a long-term experiment. A randomized block
design was established with three treatments of maize
monoculture, soybean monoculture and maize-soy-
bean intercropping. Each treatment had three repli-
cates and a total of 9 plots. The area of each plot was
40 m? (4% 10 m).

The maize monoculture was planted with wide and
narrow row spacing (wide row spacing was 80 cm;
narrow row spacing was 40 cm), and plant spacing
was 25 cm. The soybean monoculture was planted
with equal row spacing, with row spacing of 60 cm
and plant spacing of 25 cm. The maize-soybean
intercropping mode was that two rows of maize were
intercropped with two rows of soybean. Row spac-
ing between intraspecific crops was 40 cm, and row
spacing between interspecific crops was 50 cm. Plant
spacing was 30 cm. Hole application during sowing
was one seedling per hole for maize and two seed-
lings per hole for soybean.

The fertilization method used the hole application
mode. Monoculture and intercropped maize received
fertilizers. These were urea (N 46%, 315 kg-ha_l);
superphosphate (P,05 16%, 120 kg-ha™!) and potas-
sium sulfate (K,O0 51%, 120 kg-ha™!). N fertilizer was
applied twice (50% as base fertilizer, 50% as addi-
tional fertilizer at the large bell stage), while P and
K were only applied as base fertilizer. Fertilization
of monoculture and intercropped soybean consisted
of urea (120 kg-ha™"), superphosphate (240 kg-ha™!)
and potassium sulfate (180 kg-ha™'). These were all
applied as base fertilizer. During this experiment,
the crop varieties, planting patterns and fertilization
amount of each plot planted in the field were the same
each year (2018-21).

Sampling methods

Maize (Zea mays L., cultivar Yun rui 88) and soy-
beans (Glycine max L., cultivar Dian dou 7) were

sown on April 24, 2021, and sampled on October 21,
2021. Soil samples were collected at the crop matu-
rity stage. The ‘S’ type five-point sampling method
was used to randomly select the target crop in each
plot. The whole crop was dug out and rhizosphere soil
was collected by the ‘shaking soil method’ (Qin et al.
2015). The rhizosphere soil samples of five plants of
each species collected from each plot were combined
to form a single soil sample and gently mixed. A sub-
sample of the rhizosphere soil was put into a 10 ml
sterile centrifuge tube and temporarily stored in an
incubator with an ice bag. Samples were then brought
to the laboratory and stored in a freezer (-80°C) prior
to the analysis of the AMF community. The remain-
ing soil was placed into a plastic box and allowed to
air-dry. These subsamples were used to determine
nutrient concentrations, GRSP, enzyme activity and
the properties of soil aggregates.

Determination of soil properties

The concentration of soil available phosphorus (AP)
and alkaline-hydrolysable nitrogen (AN) were deter-
mined by the molybdenum antimony colorimetric
method and alkali solution diffusion method (Bao
2000). Total organic carbon (TOC) was determined
using a carbon nitrogen analyzer (Multi N/C 3100
analyzer, Analytik Jena AG, Jena, Germany).

The activities of soil urease (URE), invertase
(INV), acid phosphatase (ACP) and catalase (CAT)
were determined by indophenol colorimetry, 3,5-dini-
trosalicylic acid colorimetry, disodium phenyl phos-
phate colorimetry and potassium permanganate titra-
tion, respectively (Guan et al. 1986).

The extraction and determination of easily extract-
able glomalin-related soil protein (EE-GRSP) and
total glomalin-related soil protein (T-GRSP) were
conducted using the method of Wright and Upad-
hyaya (1996).

Soil aggregate screening was determined using
the method of Elliott (1986). Soil aggregate stability
was analyzed by the mean weight diameter (MWD)
according to the method of Ali et al. (2022). The
percentage concentration of >0.25 mm water-stable
aggregates (R, ,5) were analyzed using the method of
Barreto et al. (2009), using the equation:

MWD =" Xw,
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where X; is the mean diameter of water-stable aggre-
gate of each particle size (mm), and W;, is the mass
percentage of water-stable aggregate of each particle

size (%).

where Mr ) »5 is the cumulative mass of aggregates
with particle size>0.25 mm (g), and My is the sum
of the mass of water-stable aggregates (g).

Soil DNA extraction, PCR amplification and AMF
community analysis

DNA was extracted from soil using a commercial kit
(Soil/feces genomic DNA purification kit, MagaBio,
Hangzhou, China) according to the manufacturer’s
instructions. Primers AMV4.5 NF and AMDGR
primers were used to PCR amplify fungal ITS
regions. The forward primer sequence was 5°-AAG
CTCGTAGTTGAATTTCG-3’, and the reverse
primer sequence was 5’-CCCAACTATCCCTAT
TAATCAT-3" (Van et al. 2014). The 300 bp ampli-
fied fragment was used to prepare a library (NEBNext
® Ultra ™ II DNA Library Prep Kit for Illumina,
New England Biolabs, USA) and the library was
sequenced (Illumina Nova 6000 platform for PE250
sequencing, Guangdong Meige Gene Technology
Co., Ltd., Guangdong, China) software was used for
Cluster Analysis. The data mosaic was clustered with
an identity of 97% to obtain representative sequences
(Usearsh v. 10.0.240, using the UPARSE method)
(Edgar 2013). Representative sequences of each
OTU were compared with the 18s database to obtain
species annotation information (usearch-sintax, v.
10.0.240, default confidence threshold of 0.8), and
remove OTUs with Tags that were annotated as chlo-
roplasts or mitochondria and could not be annotated
to the boundary level. The effective Tags sequence
number and OTU taxonomy comprehensive informa-
tion table for each sample were obtained.

Data analysis

The independent sample T test comparison method
of SPSS 25 software was used to analyze the vari-
ance of each index under different planting patterns
(x=0.05). The Bray Curtis distance algorithm was
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used to calculate the distance between any two sam-
ples to obtain the dissimilarity coefficient distance
matrix, and then the matrix was hierarchically clus-
tered. Based on the OTU information table, R soft-
ware (V5.1.2) was used for common and endemic
species statistics and community composition analy-
sis. Usearch-alpha-div (V10.0.240) was used to cal-
culate o Diversity Index (Chaol, Shannon, Simpson)
and the dilution curve. Redundancy Analysis used
Canoco 5 software.

Results

Soil nutrient and GRSP concentrations under
different planting patterns

Compared with monoculture, the concentrations of
AN, AP and GRSP in crop rhizosphere soil generally
increased under the intercropping mode (Table 1).
The concentrations of AN, AP, T-GRSP and EE-
GRSP in maize intercropping were significantly
(P<0.05) higher than those in maize monoculture
by 13.74, 39.78, 20.05 and 34.70%, respectively.
The concentrations of SOM, AN, AP and T-GRSP
in soybean intercropping were significantly higher
(P<0.05) than those in soybean monoculture by
13.83,23.32, 36.38 and 21.82%, respectively.

Soil enzyme activities under different planting
patterns

Intercropping can increase the activity of URE, INV,
ACP and CAT in the crop rhizosphere (Table 2). The
activities of URE, INV, ACP and CAT in maize-
soybean intercropping were significantly (P <0.05)
higher than those in monoculture. The increases
in maize were 31.05, 62.47, 15.43 and 18.53%,
respectively. The added soybean values were signifi-
cant (P<0.05), at 77.65, 57.77, 23.55 and 33.68%,
respectively.

The properties of water-stable aggregates under
different planting patterns

Intercropping can increase aggregate stability in the
crop rhizosphere (Table 3). Compared with maize
monoculture, the concentration of >2.0 mm aggre-
gates and the MWD value in rhizosphere soil of maize
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Table 1 Soil nutrient and GRSP concentrations under different planting patterns

Planting pattern Nutrient and GRSP concentrations
Soil organic matter Alkali-hydrolysa-  Available phosphorus Easily extractable Total glomalin-
SOM (g-kgh ble nitrogen AP (mgkg) glomalin-related related soil
AN (mg-kg™) soil protein protein
EE-GRSP T-GRSP (mg-g™)
(mg:g)
MM? 46.21+0.92! 69.17+1.36 21.58+0.89 0.64+0.03 1.43+0.02
v 45.88+1.05 78.67+1.01 * 30.17+£0.11 * 0.86+0.04 * 1.72+0.02 *
MS® 40.03+0.10 63.25+1.89 19.31+0.22 0.77+0.03 1.24+0.04
IS¢ 45.57+0.71 78.00+1.26 * 26.33+1.64 * 0.94+0.09 1.51+0.04 *

! Data are means + SE

2 * in the same column denotes that the crop is significantly different (P < 0.05) under different planting patterns

3 MM: Monoculture maize; * IM: Intercropping maize; > MS: Monoculture soybean; ¢ IS: Intercropping soybean

Table 2 Soil enzyme activity under different planting patterns

Planting pattern Enzyme activity

Urease Invertase Acid phosphatase Catalase

URE (mg-g"-d") INV (mg-g'-d™) ACP (pg-g™'d™) CAT (pg-g™'-d™)
MM? 1.63+0.04! 0.36+0.03 0.14 +0.004 6.26+0.13
! 2.14+0.03 * 0.58+0.05 * 0.16+0.005 * 7.42+0.01 *
MS? 1.01+0.06 0.18+0.01 0.13+0.005 6.33+0.12
Is® 1.80£0.11* 0.28£0.01* 0.16+0.005 * 8.47+£0.43 *

'Data are means + SE
2 * in the same column denotes that the crop is significantly different (P <0.05) under different planting patterns

3 MM: Monoculture maize; * IM: Intercropping maize; > MS: Monoculture soybean; ° IS: Intercropping soybean

Table 3 Characteristics of water-stable aggregates under different planting patterns

Planting pattern Wet sieve composition and stability index of soil aggregates

>2.0 mm content (%) 0.5-2.0 mm 0.25-0.5mm <0.25 mm % concentra-  Mean weight diameter
content (%) content (%) content (%) tion MWD
of water-stable
aggregates
Ry 5 (%)
MM? 15.29 +3.50! 39.10+£3.75  17.55+3.63  28.05+3.92  71.95+3.92  0.85+0.15
mm* 27.48+1.76 *2 35.22+2.15 19.05+2.93 18.25+2.98 81.75+2.98 1.06+0.02 *
MS® 23.60+1.77 36.33+2.09 11.81+1.72  2827+1.22* 71.73+1.22 0.97+0.01
IS¢ 23.31+0.93 44.09+1.60 * 14.40+1.40 18.21+0.40 81.79+0.40* 1.05+0.01 *

! Data are means + SE

2 * in the same column denotes that the crop is significantly different (P <0.05) under different planting patterns

3 MM: Monoculture maize; * IM: Intercropping maize; > MS: Monoculture soybean; ° IS: Intercropping soybean

intercropping significantly (P <0.05) increased by aggregates, R, ,s and MWD values in rhizosphere soil
79.69 and 25.50%, respectively. Compared with soy- of soybean intercropping were significantly (P <0.05)
bean monoculture, the concentration of 0.5-2.0 mm increased by 21.38, 14.03 and 9.99%, respectively.
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The concentration of <0.25 mm aggregates signifi-
cantly (P <0.05) decreased by 35.59%.

Operational taxonomic unit composition, a Diversity
Index and AMF community composition under
different planting patterns

In this study, 450,445 valid sequences were obtained
from the rhizosphere soil of maize and soybean, with
a mean of 37,537 valid sequences in each sample.
Rarefaction Analysis produced an asymptotic curve
for each community (Fig. 1), indicating that the
amount of sequence data from the soil samples was
sufficiently large to accurately assess the arbuscular
mycorrhizal fungi (AMF) community.

Based on the operational taxonomic units (OTU)
classification level, the total number of OTUs of
AMF communities in maize rhizosphere soil was
963. The OTU number of AMF communities in inter-
cropped maize was 125% higher than that in maize
monoculture (P> 0.05). The total number of OTUs of
the AMF community in soybean rhizosphere soil was
1597, and the number of OTUs of AMF community
in intercropped soybean was 25% of that in soybean
monoculture (P> 0.05) (Fig. 2).

Analysis of Dissimilarity Clustering showed that
the intercropped maize samples IM1 and IM2 were
not clustered directly with IM3. Sample examples
of monoculture and intercropping soybean treat-
ments were also not directly sisters of each other in
the hierarchy. Results showed that the similarity of

Fig. 2 Venn diagrams of arbuscular mycorrhizal fungi com-
munity distribution based on operational taxonomic unit level
under different planting patterns'. "MM: Monoculture maize;
IM: Intercropping maize; MS: Monoculture soybean; IS: Inter-
cropping soybean

AMF community in maize rhizosphere soil increased
in maize-soybean intercropping compared with mon-
oculture, but not to the extent it was in the soybean
cropping system (Fig. 3).

Compared with maize monoculture, the Chaol
Index of AMF community in maize intercropping
rhizosphere soil generally increased (P>0.05), the
Simpson Index generally decreased (P>0.05), and
the Shannon Index significantly (P <0.05) increased
by 9%. The Chaol, Shannon and Simpson Indexes
of AMF community in rhizosphere soil of soybean

Fig. 1 Rarefaction curves 700
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Fig. 3 Sample distance
heatmap based on opera-

tional taxonomic unit level'.
'MM: Monoculture maize;
IM: Intercropping maize;
MS: Monoculture soybean;
IS: Intercropping soybean
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intercropping were opposite to those of maize mon-
oculture, and the differences were not significant
(P>0.05) (Table 4).

The flora not annotated in the database were
classified as Unassigned, and the flora annotated
but not isolated and cultured were classified as
Uncultured. Except for Unassigned and Uncul-
tured, Gigaspora, Acaulospora, Diversispora, Den-
tiscutata, Rhizophagus and Claroideoglomus were
the six most dominant genera in maize monocrop-
ping and intercropping. The relative abundance of
Acaulospora, Gigaspora, Diversispora and Clar-
oideoglomus in intercropped maize was lower than

ST e B S\ 2 e T Ge S el
¢ & e g ey

that of monoculture maize, and the decrease was
0.40-68.32% (P >0.05). The relative abundance of
Dentiscutata and Rhizophagus increased, with val-
ues of 33.67 and 95.22% (P >0.05), respectively.
Acaulospora, Gigaspora and Diversispora were the
three most dominant genera in soybean monocul-
ture and intercropping treatments. Compared with
soybean monoculture, the relative abundance of
Acaulospora, Diversispora and Claroideoglomus
in soybean intercropping increased. The increase
was 7.70-233.40% (P >0.05). However, the relative
abundance of Gigaspora, Dentiscutata and Rhizoph-
agus decreased by 0.05-79.05% (P > 0.05) (Table 5).

Table 4 The alpha Diversity Index of AMF communities under different planting patterns

Planting pattern Chaol Index

Shannon Index Simpson Index

MM? 337.80+1.64'
m* 453.17 +£66.20
MS’ 634.57 +236.69
Is° 403.70+42.10

4.03+0.06 0.12+0.004
4.41+0.11 %2 0.10+0.01
5.18+0.84 0.07+0.03
4.00+0.18 0.12+0.01

! Data are means + SE

2 in the same column denotes that the crop is significantly different (P <0.05) under different planting patterns

3 MM: Monoculture maize; 4 IM: Intercropping maize; > MS: Monoculture soybean; ° IS: Intercropping soybean
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Table 5 Relative

Genus Relative abundance(%)

abundance of the AMF

community in the MM? M3 Ms* Is®

rhizosphere soil of crops at

genus level Unassigned 71.25+2.62! 73.78 +4.46 62.54+8.28 66.79+12.32
Acaulospora 9.56+0.23 9.53+2.58 12.38 +6.08 12.96+3.71
Gigaspora 10.02 +4.81 9.05+2.90 8.49+6.36 6.27+3.27
Diversispora 4.30+2.87 1.34+1.29 2.68+2.23 9.42+7.13
Dentiscutata 2.01+1.26 2.72+1.29 0.46+0.25 0.46+0.27
Rhizophagus 1.05+0.64 2.08+1.75 2.04+1.92 0.44+0.14
Claroideoglomus 1.34+0.69 0.49+0.40 0.68+0.65 1.50+1.21
Amastigomonas 0.00+0.00 0.00+0.00 1.84+1.58 0.29+0.14
Sistotrema 0.01+0.01 0.08+0.05 1.98+1.26 0.01+0.01
Archaeospora 0.17+0.06 0.07+0.02 0.22+0.10 1.31+0.70
Solicoccozyma 0.01+0.002 0.06+0.04 1.24+1.19 0.07+£0.05
uncultured 0.01+0.003 0.31+£0.23 0.99+0.96 0.04+0.03

! Data are means + SE BOLAS868 0.01+0.001 0.07+0.04 1.04+1.01 0.04+0.03

2 MM: Monoculture maize; Olpidium 0.02+0.01 0.07+0.04 0.23+0.18 0.18+0.15

3 IM: Intercropping maize; * Kraken 0.001+0.001 0.01+0.002 0.27+0.27 0.004 +0.00

MS: Monoculture soybean; others 022+0.17 0.33+0.18 2924279 0.21+0.09

5 1S: Intercropping soybean

Associations between soil nutrients, GRSP, enzymes,
o diversity and soil aggregates in the maize and
soybean rhizosphere

A correlation matrix was constructed between nutri-
ent, enzyme activity, GRSP, AMF community, o

T-GRSP
EE-GRSP
Chaol
Shannon
Simpson
>2.0 mm
0.5-2.0 mm
0.25-0.5 mm
<0.25 mm
MWD
Roas

Fig. 4 Correlation analysis of rhizosphere soil nutrients,
enzymes, GRSP, AMF community alpha Diversity Index and
Aggregate Index in maize (A) and soybean (B)'. '* denotes

@ Springer

Diversity Index and water-stable aggregate distribu-
tion data of maize and soybean rhizosphere soil. For
maize rhizosphere soil, the AN, AP, URE, INV, ACP,
CAT, T-GRSP, EE-GRSP, Chaol Index and Shan-
non Index were positively correlated with >2.0 mm
aggregates, MWD and R, ,5 (Fig. 4A). For soybean

AN
AP
SOM
URE |8
INV
ACP
CAT |8
T-GRSP [EESES
EE-GRSP
Chaol

0.8

0.6

04

02

Shannon 02
Simpson
>2.0 mm

0.5-2.0mm

0.25-0.5 mm

<0.25 mm

MWD (&8

-0.4

-0.6

-0.8

Roos |8

P <0.05; ** denotes P<0.01; *** denotes P<0.001. Red indi-
cates positive correlation coefficient and blue indicates nega-
tive correlation coefficient
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rhizosphere soil, the AN, AP, SOM, URE, INV, ACP,
CAT EE-GRSP and T-GRSP were positively cor-
related with 0.5-2.0 mm aggregates, 0.25-0.5 mm
aggregates, MWD and R ,s, while they were all neg-
atively correlated with <0.25 mm (Fig. 4B).

The indexes with significant correlation coef-
ficients were analyzed by Redundancy Analysis

<)
— M2
Chaol
ACP
. INV
Simpson
= MM2
X i Shannon
8 MMI1
S T-GRSH
3
< AP
@ ] URE|
IM1
EE-GRSP|
°
MM3
]
M3
<
-1.0 RDAI (73.71%) 1.0
S Shannon
>2.0mm
Ry s
S
N
v
o~
a
2 7025-0.5mm
0.5-2.0mm
<0.25 mm
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URE, INV and ACP (P <0.05). EE-GRSP was the
main factor affecting the variation of MWD and
>2.0 mm aggregates (P <0.05). In addition, the
effects of a Diversity Index and dominant gen-
era on the distribution characteristics of water-
stable aggregates were analyzed (Fig. 5C and
D). Results showed that the Shannon Index and
dominant genus of Diversispora had the strong-
est effect on the variation of water-stable aggre-
gate distribution characteristics, with contribution
rates of 40.90 (P <0.05) and 30.60% (P <0.05),
respectively.

The indexes with significant correlation were ana-
lyzed by Redundancy Analysis based on the results
of correlation analysis in the soybean rhizosphere
soil, which were the AN, AP, SOM and enzymes
(Fig. 6A); the AN, AP, SOM, T-GRSP, enzymes,
MWD, R;,s, 0.5-2.0 mm and <0.25 mm aggre-
gates, (Fig. 6B). The results showed that AN was
the main factor affecting the variation of URE, INV,
CAT and ACP (P<0.05). SOM was the main factor
affecting the variation of MWD, R s, 0.5-2.0 mm
and <0.25 mm aggregates (P <0.05). Analysis of
the effect of dominant genera on the distribution
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characteristics of water-stable aggregates showed
that Rhizophagus contributed most to data vari-
ability, with a contribution rate of 34.40% (P <0.05)
(Fig. 6C).

Discussion

Soil nutrients and GRSP concentrations under
different planting patterns

Accumulation and composition of GRSP in soil are
affected by many factors, including climate, AMF
composition, vegetation species and soil types (Wang
et al. 2016a). This study showed that compared
with monoculture, intercropping could significantly
increase the concentration of T-GRSP in rhizosphere
soil of both maize and soybean, while the concentra-
tion of EE-GRSP tended to increase. This may be due
to the maize and soybean intercropping crop roots
secreting more C and energy substances conducive
to the growth and reproduction of AMF, so that the
mycelium density and length can increase (Shi et al.
2011). The results of this study accord with those of
Zhao et al. (2020b) on the effect of maize and soy-
bean intercropping on GRSP.

The reason why planting patterns change soil
nutrient concentrations may be related to the secre-
tion concentration of crop roots, soil enzyme activ-
ity and microbial metabolism (Lian et al. 2019). The
results showed that the concentrations of AN and AP
in maize rhizosphere soil and the concentrations of
SOM, AN and AP in soybean rhizosphere soil were
significantly increased by intercropping compared
with monocropping. The reason for increased AP
concentration in the rhizosphere soil of the two crops
may be that intercropping increased the secretion of
organic acids by roots, thus increasing the solubil-
ity of P compounds in the soil. In addition, insoluble
P is released when root exudates chelate with metal
elements (Dakora and Phillips 2002). The reason for
increased AN concentration may be that the hyphal
bridge formed between maize roots promoted the
transfer of N fixed by soybean roots to the maize
root zone, and the absorption of N in soybean soil
by maize stimulated the growth of root nodules. In
addition, maize and soybean can transform insoluble
soil N by secreting extracellular enzymes (Zhao et al.
2020a). Increased SOM concentration in soybean soil

may be related to the increase of root exudates and
enzyme activities. Song et al. (2007) reported that
wheat-faba bean and maize-faba bean intercropping
systems could increase the availability of both soil
N and P, which is consistent with the results of this
study.

Soil enzyme activities under different planting
patterns

Soil enzymes are secreted by plant roots or microor-
ganisms and play important roles in material circu-
lation and energy transformation in soil ecosystems.
Their activity level is an important index of soil fertil-
ity (Aon and Colaneri 2001). This study showed that
maize and soybean intercropping could increase the
activities of URE, INV, ACP and CAT in the crop
rhizosphere soil compared with monoculture. This
may be attributed to intercropping increasing the met-
abolic activity of maize and soybean roots and their
penetration into soil, which improved the microbial
habitat and increased soil permeability, thus increas-
ing soil enzyme activity (Muhammad et al. 2021). In
addition, high concentration of sugars, amino acids
and other substances secreted by roots may promote
the growth and reproduction of microorganisms,
thereby increasing enzyme activity (Aon and Colan-
eri 2001). The results of this study accord with those
of Muhammad et al. (2021) on the effects of inter-
cropping soybean on soil enzyme activity.

Characteristics of water-stable aggregates under
different planting patterns

The mean mass diameter of soil aggregates (MWD)
is an important index of aggregate stability. With
increased MWD, aggregate stability is also higher.
The content of aggregates>0.25 mm particle size
(Ry25) is highly indicative of overall aggregate sta-
bility. With increased R ,s; value, the stability of
aggregates also increases (Ji et al. 2021). MWD and
Ry,5 are negatively correlated with soil erosion and
runoff intensity and thus can be used as measures
of soil erodibility (Barthés and Roose 2002). This
study showed that maize-soybean intercropping
could increase the MWD value of aggregates in the
rhizosphere soil of both crops. There may be multi-
ple explanations of these results. Firstly, the cement-
ing materials, crop roots, fungal mycelium length and
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density affected soil aggregate stability under inter-
cropping conditions (Six et al. 2004; Hu et al. 2015;
Zhao et al. 2020a). Secondly, the gravitational poten-
tial energy of raindrops can be effectively decreased
when heavy raindrops collected on main leaves fall
on soybean leaves, thus decreasing raindrop splash
erosion and runoff surface erosion (Snelder and
Bryan 1995). Gonzilez Rosado et al. (2022) stud-
ied crop diversification effects on soil aggregation in
short-term rainfed olive groves. They concluded that
the olive orchards were diversified by Crocus sati-
vus, which increased the mean weight diameter val-
ues and geometric mean values in the 0—10 cm soil
depth. Seidel et al. (2017) evaluated aggregate dis-
tribution under maize—jack bean intercropping and
demonstrated that the intercropping system increased
soil aggregate stability and microporosity, which is
consistent with this study. The high concentration of
soil macro-aggregates is conducive to the formation
of improved soil structure, especially the number and
size of water-stable macro-aggregates strongly influ-
ence soil erodibility and water-holding capacity (Jha
et al. 2012). This study showed that intercropping
increased the concentration of >2.0 mm aggregates
in maize rhizosphere soil and the concentration of
0.5-2.0 mm aggregates and R,5 values in soybean
rhizosphere soil. This can be attributed to the main
cementing material of macroaggregates being SOM,
which increases in intercropping systems, thus pro-
moting the formation of macroaggregates (Wu et al.
2021). Zhang et al. (2022) studied the effect of maize
and soybean intercropping on soil aggregates and
concluded that the concentration of large aggregates
(>5.0 mm) in maize intercropping mode was signifi-
cantly higher than that in monoculture, which agrees
with the results of this study. This study further indi-
cated that intercropping of maize and soybean could
decrease soil erosion.

Operational taxonomic unit composition, a diversity
and composition of AMF communities under
different planting patterns

Studies show complementary relationships between
the diversity and richness of AMF and plant diversity
(Liu and Wang 2003). Marcel et al. (1998) identified
that the Simpson Diversity Index of plant commu-
nities increased with an increased number of AMF
species. However, some researchers have reported
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negative correlations between plant diversity and
AMF community (Urcelay and Diaz 2010). The
intercropping system of gramineae and leguminosae
had different effects on soil fungi, depending on N
fixation by Leguminosae. In this study, the number of
OTUs in the unique AMF community of maize inter-
cropping increased compared with that of maize mon-
oculture, but the number of OTUs in the unique AMF
community of soybean intercropping decreased com-
pared with soybean monoculture. These results are
consistent with the effects of intercropping patterns
on the Diversity Index (both Shannon and Simpson)
and Richness Index (Chaol) of AMF communities
in maize and soybean rhizosphere soils. A plausible
explanation is changes in soil properties caused by
intercropping systems (Wang et al. 2016a, b). When
maize was intercropped with soybean, maize showed
a strong competitive advantage in soil nutrition com-
pared with soybean, which promoted the growth of
maize roots and provided more energy substances
and larger area for AMF growth and infection (Stern
1993). The decrease of AMF diversity in rhizosphere
soil of intercropping soybean may be caused by high
AN and SOC concentrations in soil (Lian et al. 2018;
Zhang et al. 2022). The results also showed that inter-
cropping significantly increased the concentrations of
both SOM and AN in the rhizosphere soil.

AMF diversity is an important factor affecting
the productivity and stability of agroecosystems.
Understanding the species composition of AMF is
important for effective management of agroecosys-
tems (Alguacil et al. 2010). Studies have shown that
the difference of host plant types changes the com-
munity structure of AMF. For example, Zhang et al.
(2022) studied the change of AMF composition in
maize-soybean intercropping soil and concluded that
Globus_f_Glomeraceae was the dominant genus in
maize soil, unclassified_f_Gigasporaceae and Gigas-
pora were the dominant genera in soybean soil. This
study found that the first several dominant genera
of AMF in rhizosphere soil of maize and soybean
under different planting patterns were the same, but
the relative abundance of each genus in intercropping
was different from that in monoculture. Compared
with maize monoculture, the relative abundance of
Dentiscutata and Rhizophagus in maize intercrop-
ping increased. The relative abundance of Acaulos-
pora, Diversispora and Claroideoglomus increased
in soybean intercropping compared with soybean
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monoculture. This may be due to differences in the
habitat, distribution and competitiveness of maize
and soybean roots (Oehl et al. 2010; Zhang et al.
2022). Because this study focused on the effect of
AMF community on the formation and stability of
soil aggregates, it is necessary to clarify whether
intercropping can increase the relative abundance of
beneficial genera. Previous studies have shown that
the length and morphology of mycelium produced
by different AMF vary considerably, which have dif-
ferent effects on aggregate formation and stability.
For example, Piotrowski et al. (2004) showed that
the hyphal length of Gigasporaceae was higher than
that of Glomeraceae and Acaulosporaceae, but the
WSA,_, mm formation of soil aggregates by Glomer-
aceae and Acaulosporaceae were significantly higher
than that of Gigasporaceae. In contrast, Barbosa et al.
(2019) showed that mycelial length played the domi-
nant important role in the formation of soil aggre-
gates, and there was a positive correlation between
WSA and mycelial length. Therefore, the results of
this study indicate that maize-soybean intercropping
can increase the diversity and richness of the AMF
community in maize rhizosphere soil. Although the
diversity and richness of the AMF community in soy-
bean rhizosphere soil decreased, the relative abun-
dance of AMF genera promoting aggregate forma-
tion increased. In addition, this study also concluded
that Acaulospora, Gigaspora and Diversispora were
widely present in the rhizosphere of both maize and
soybean crops.

Associations between soil nutrients, GRSP, enzymes,
o diversity and aggregates in the rhizosphere of
maize and soybean crops

The physical, chemical and biological properties of
soil are strongly influenced by network structures.
When nutrients are bioavailable or converted into less
efficient forms, plants and microorganisms secrete
enzymes to catalyze biochemical processes in the
soil to meet their own growth and development needs
for nutrients and energy (Aon and Colaneri 2001).
For AMF, when the energy material is sufficient, its
growth and metabolic activities accelerate, resulting
in more GRSP (Shi et al. 2011). GRSP can increase
the concentration of SOC and the N pool after enter-
ing the soil (Shi et al. 2011). Studies have shown that
GRSP in soil accounts for 27% of SOC concentration,

and GRSP can be detected in cultivated land, forest
land and grassland (Geeta et al. 2018; Wang et al.
2016b). In this study, correlation analysis of each
index of maize and soybean rhizosphere soil was con-
ducted. Significant positive correlations were found
between AN, AP, URE, INV, ACP, CAT, T-GRSP,
EE-GRSP, Chaol Index, Shannon Index, >2.0 mm,
MWD and R, ,5 in maize rhizosphere soil. In addition,
AN, AP, SOM, URE, INV, ACP, CAT EE-GRSP and
T-GRSP were positively correlated with 0.5-2.0 mm
and 0.25-0.5 mm aggregates and were negatively
correlated with <0.25 mm in soybean rhizosphere
soil. Results indicate that AN, AP, URE, INV, ACP,
CAT, GRSP, MWD and R,,5 had positive effects on
each other in maize and soybean rhizosphere soil.

To further clarify the main factors influencing the
properties of rhizosphere soil of the two crops, the
indexes with significant correlation were analyzed by
Redundancy Analysis based on the results of correla-
tion analysis. It was concluded that the Shannon Index
was the main factor affecting the variation of T-GRSP,
EE-GRSP, URE and ACP in maize rhizosphere soil,
which may be due to the Shannon Index of AMF com-
munity under intercropping conditions being signifi-
cantly higher than that of monoculture. Rillig (2004)
proposed that GRSP may be the main factor affecting
the influence of AMF on soil aggregate stability. This
study also showed that EE-GRSP was the main fac-
tor affecting MWD and >2.0 mm aggregates. This is
because GRSP can increase the stability of soil water-
stable aggregates by increasing the surface hydropho-
bicity of aggregates and decreasing the water infiltra-
tion rate (Rillig 2004). In addition, GRSP had a more
direct effect on soil aggregate stability than host roots
and mycelia (Wu et al. 2014). AN is the main factor
affecting the variation of URE, INV, CAT and ACP
in soybean rhizosphere soil, which is because the
transformation process and transfer amount of N in
maize and soybean intercropping systems are read-
ily regulated and increased (Han et al. 2007). SOM
is a cementing material contributing to the formation
and stability of soil aggregates (Halder et al. 2023).
This study showed that SOM was positively correlated
with MWD, R, ,5s and 0.5-2.0 mm aggregates in soy-
bean rhizosphere soil and was the main influencing
factor. The effects of AMF in the rhizosphere soil of
maize and soybean on the distribution characteristics
of water-stable aggregate were analyzed. It was con-
cluded that AMF genus played decisive roles in the
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formation and stability of aggregates in the rhizos-
phere. In the case of maize, particularly Diversispora
with longer mycelia. Rhizophagus promoted mycelial
diffusion in the rhizosphere of soybean. This is due
to the great variation in the branching patterns of the
mycelia produced by different AMF species. Thus, the
stability of soil aggregates may depend more on the
hyphal dispersal of host roots than solely on hyphal
length (Piotrowski et al. 2004). Schreiner et al. (1997)
tested the effects of three AMFs on R ,s formation in
soybean soil. They showed that the influence of Glo-
mus mosseae on 2.0-4.0 mm aggregates was greater
than that of Glomus etunicatum and Gigaspora rosea,
but there was no significant difference in the stability
of either 1.0-2.0 mm or 0.25-1.0 mm aggregates.

Conclusions

This study indicated that maize and soybean inter-
cropping increased aggregate stability and enzyme
activity in the rhizosphere soil of both crops. In addi-
tion, intercropping significantly increased the diver-
sity of the AMF community in the maize rhizosphere.
Redundancy Analysis showed that EE-GRSP was the
main factor affecting aggregate stability and the for-
mation of >2.0 mm aggregates in the maize rhizos-
phere. Diversispora contributed most to the formation
and stability of aggregates in maize rhizosphere soil.
SOM was the main factor affecting aggregate stabil-
ity and the formation of 0.5-2.0 mm aggregates in the
soybean rhizosphere. Rhizophagus contributed most
to the formation and stability of soil aggregates in
soybean rhizosphere soil.
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