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Legume–brassica intercropping is widely used to increase productivity in

modern, sustainable agricultural systems. However, few studies have assessed

the linkages between soil properties and soil microorganisms. Soil

microorganisms play a key role in soil nutrient turnover and plant community

composition. To elucidate the responses of soil microbial community diversity

and structure to intercropping, we conducted a 2-year experiment based on

common vetch (CV) monoculture, rape (R) monoculture, and common

vetch–rape intercropping (IRCV) with phosphorus (P) addition in alkaline soil.

The microbial communities of bacteria and fungi in the rhizosphere soil were

examined based on high-throughput sequencing targeting the 16S rRNA and ITS

genes, respectively. In addition, we analyzed changes in soil properties and

enzyme activities. Intercropping significantly increased dry matter (up to

98.86% and 81.48%, respectively dry matter is the aboveground biomass.)

compared with common vetch monoculture. Intercropping decreased soil

bulk density and pH and enhanced soil available phosphorus (AP) by

14.54–34.38%, 7.25–22.67%, soil organic matter (SOM) by 15.57–22.85,

6.82–15.57%, soil sucrase (Suc.) by 13.69–16.10%, 35.57–40.24% compared to

monoculture common vetch and rape, respectively. However, bacterial alpha

diversitywas higher under rapemonoculture than IRCV. In addition, the dominant

soil bacterial phyla Proteobacteria (1.25–3.60%), Gemmatimonadetes

(7.88–15.16%), Bacteroidetes (9.39–11.76%), and Rokubacteria (0.49–5.69%)

were present at greater abundance with IRCV relative to those with CV and R,

but phyla Chloroflexi was significantly decreased by 11.56–12.94% with IRCV

compared with the other two treatments. The redundant analysis showed that

SOM and AP were positively correlated with the dominant bacterial and fungal

flora. Common vetch–rape intercropping resulted in increased biomass and

altered soil microbial community composition as well as soil properties. Our

results showed that intercropping systems positively improve soil microbial

activity; this strategy could help in the cultivation of multiple crops and

improve soil properties through sustainable production.
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Introduction

In terms of area, China is the third-largest country in the

world; with a population of 1.41 billion, it accounted for 18% of

the global population in 2020 (Wang et al., 2021). This poses a

challenging task in providing food security, including the

demand for dairy products, beef, and mutton, which is

gradually increasing due to the increasing population. High-

quality pastureland plays an indispensable role in producing

high-quality and safe dairy products, beef, and mutton. Since

2008, China’s imports of both alfalfa hay and oat grass have

shown an exponentially increasing trend (Wang et al., 2015).

Inner Mongolia’s farming–pastoral ecotone comprises most of

the farming–pastoral ecotone in north China, which is suitable

for pasture cultivation (Wei et al., 2020). Common vetch (Vicia

sativa L.) and rape (Brassica napus L.) are high-quality forage

crops known for their drought and cold resistance (Yuan et al.,

2021; Ping et al., 2022). The growing of common vetch and rape

in Inner Mongolia is of great importance for the development of

animal husbandry.

Intercropping is the practice of growing two or more crops on

the same land at the same time, which is a typical pattern of

aboveground crop diversity (Gong et al., 2019). Intercropping has

been widely used all over the world because of its advantages in

increasing yield, preventing diseases, and utilizing resources (He

et al., 2010; Yin et al., 2017). Following intercropping, the quantity

and composition of organic matter in the input soil increases, and

the physical and chemical properties of the soil also change

(Nyawade et al., 2020). One study showed that, compared with

monoculture, the soil water content following millet and mung

bean intercropping increased by 12.1% (Wang et al., 2021). After

continuous intercropping of wheat and corn for many years, the

soil organic carbon (SOC) content increased by an average of 3%

compared with the SOC following monoculture (Cong et al.,

2014). Additionally, intercropping has a positive effect on the

number of soil microorganisms and enzyme activity. Compared

with monoculture, intercropping of maize and peanuts improved

the functional diversity of soil microbial communities and soil

enzyme activity (Zhang et al., 2012). Changes following

intercropping can directly or indirectly affect the microbial

activity and functional diversity of microorganisms (Zhao et al.,

2017; Nyawade et al., 2019). A comparison of microbial diversity

could be useful in understanding how rhizosphere communities

mediate the impacts of various agricultural practices on crop yields

(Zhang et al., 2010). However, few studies have investigated

common vetch and rape intercropping, and the mechanism

underlying the changes observed following their intercropping

remains unclear.

Microbial characteristics are one of the most critical indicators of

soil health because soil microorganisms play a critical role in soil

nutrient transformation and cycling (Franchini et al., 2007; Yang

et al., 2021). Soil management and planting systems can increase soil

microbial biomass and the activity and quantity of beneficial

microorganisms (Balota et al., 2003). The change in soil available

phosphorous (AP) concentration is a key parameter that previous

studies have shown can shift the diversity and composition of the soil

microbial community (He et al., 2016; Ling et al., 2017). Soil enzymes

are a type of bioactive substance and mainly come from the

decomposition of plant roots, soil microorganisms, and animal

and plant residues (Meng and Wu, 2004). They participate in soil

biochemical reactions, promote the process of soil physiological and

biochemical reactions, and are an indispensable part of soil ecology

(Xue et al., 2003); therefore, the study of soil microorganisms and

enzymes is of great importance for the evaluation of soil quality and

fertility. Some chemicals secreted by microorganisms living in soil

can have an important effect on the formation and activity of

enzymes. Therefore, it is worth investigating how the changes in

soil physical and chemical properties caused by intercropping affect

the metabolic activity and functional diversity of underground soil

microorganisms.

To explore the responses in soil properties and soil microbial

community diversity and structure to common vetch–rape

intercropping compared with monocropping, we conducted a 2-

year experiment, with additional application of P.Our objectives were

to 1) investigate the responses in the soil microbial community

composition to the intercropping system and 2) identify the main

properties of soil that drive changes in soil microbial community

composition in three crop intercropping systems.

Materials and methods

Experimental site

The field experiment was conducted at an agricultural

experimental station (40°56′ N, 110°48′ E), Inner Mongolia

Autonomous Region, North China, in 2019 and 2020. The

altitude is 1,052 m, and the climate is a typical semi-arid and

temperate continental monsoon climate, with mean annual

precipitation and temperature 400mm and 7.2°C, respectively,

and with average annual evaporation of 1851.7 mm and

accumulation temperature of 2,800°C. The initial soil chemical

properties (depth 0–20 cm) in 2019 were as follows: pH 8.45 (soil:

water = 1:2.5), soil organic matter content (SOM) 16.56 g kg−1, total

nitrogen (TN) 0.53 g kg−1, total phosphorus (TP) 0.54 g kg−1, total

potassium (TK) 16.64 g kg−1, available nitrogen (AN) 90.4 mg kg−1,

available phosphorus (AP) 15.51 mg kg−1, and available potassium

(AK) 140.20 mg kg−1.

Experimental design

The random block design was adopted in this experiment, and

the plots were 5 × 6 m in size. As shown in Figure 1, three treatments

were set up, with five replicates of each: 1) monoculture of common

vetch (CV), 2)monoculture of rape (R), and 3) intercropping of rape/
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common vetch (IRCV). In the intercropping system, four rows of

common vetch and two rows of rape were planted. The inter-row

distance between rows of rape and adjacent rows of common vetch

was 25 cm, the same as on the monoculture plots (Figure 1). In all

treatments, rape and common vetch were sown at a seeding rate of

15 kg hm−2 and 75 kg hm−2, respectively. Basal nutrients supplied

were 90 kg P hm−2 (as calcium superphosphate) and 120 kg N hm−2

(as urea), with no further fertilizers applied during the following

growth period. All fertilizers were uniformly broadcast and

incorporated into the upper 30 cm of the soil prior to sowing.

Two applications of irrigation of 180mm (1800 m3 hm−2) each

were made on 1 to 10 June and 1 to 5 July in both years. No

herbicides were used during the growth period, but insect control

followed standard farming practices (Li et al., 2018) and was carried

out as needed. Common vetch, as well as rape, was sown on 30 April

2019 and 4 May 2020 and harvested on 25 July 2019 and

3 August 2020.

Soil sampling

After harvesting the common vetch and rape in July 2019 and

August 2020, soil augers were use to collect soil samples (0–30 cm

deep) from three points on each plot (Figure 1). The soil from each

plot was mixed thoroughly and sieved (2 mm). Each soil sample was

divided into three portions. One part was stored in a –80°C freezer

and subsequently used for the analysis of soil microbial community

structure and diversity detection; the second portion was stored in a

4°C refrigerator prior to being used detect the soil microbial biomass;

and the third portion of each soil sample was dried at room

temperature and ground to a powder for the detection of soil

nutrients, pH, and soil enzymes. The ring knife method was used

to determine soil bulk density (SBD), with the ring soil samples

scraped out and any roots manually removed. The soils were dried at

105°C to constant weight.

Analysis of soil nutrients, pH, and SBD

Soil organic matter (SOM) content was determined by the

potassium dichromate volumetric method (Finzi et al., 2015). TN

content was measured using the method described by Finzi et al.

(2015). TP content and AP were determined using the NaOH

molybdenum stibium anti-color method (Ren et al., 2016), and

soil pH was determined by the potentiometric method, where the

soil to water ratio was 1:2.5 (Bao, 2005). Soil bulk density (SBD)

was calculated by the gravimetric weight (Vos et al., 2005).

Analysis of soil microbial biomass and soil
enzymatic activity

Soil microbial biomass carbon (MBC), microbial biomass

nitrogen (MBN), and microbial biomass phosphorus (MBP) were

measured using the chloroform fumigation-extraction technique,

modified from the methods of Brookes et al. (1982), Brookes

et al. (1984), and Brookes et al. (1985). Soil urease activity was

determined by the indophenol blue colorimetric method (Wang

et al., 2009), soil sucrase activity was determined by the 3,5-

dinitrosalicylic acid method (Mi et al., 2018), and soil acid

phosphatase activity was determined by the disodium phenyl

phosphate method (Guan et al., 1986).

Microbial DNA extraction, PCR
amplification, and Illumina NovaSeq
sequencing

A Power Soil ® DNA Isolation Kit (MO BIO Laboratories)

was used to extract soil DNA. The 16S rRNA gene of bacteria (in

the V3–V4 region) was amplified using the primers 338 F (5′-
ACTCCTACGGGAGGCAGCA-3′) and 806 R (5′-

FIGURE 1
Schematic diagram of the planting pattern and soil sampling. CV, R, and IRCV represent common vetch monoculture, rape monoculture, and
two rows of rape alternated with four rows of common vetch, respectively.
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GGACTACHVGGGTWTCTAAT-3′) (Mori et al., 2014). We

amplified the rRNA gene of fungi (ITS1 region) using ITS1-F (5′-
CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2-R (5′-
GCTGCGTTCTTCATC GATGC-3′) primers (White et al.,

1990; Gardes and Bruns, 1993).

The paired-end reads of the fungal ITS genes and bacterial

16S rRNA genes were processed, and the ITS regions and 16S

sequences were screened for quality control according to the

methods of Guo et al., 2019. We clustered all tags with >97%
identity into operational taxonomic units (OTUs). The tags were

then classified into different taxonomies according to the Silva

and UNITE databases for soil bacterial and fungal communities,

respectively. There were 44,529 OTUs for soil bacteria and

3,237 OTUs for soil fungi after removing those OTUs that did

not belong to either the soil bacterial or fungal communities.

Statistical analysis

Microsoft Excel 2019 software and SPSS 23.0 software were

used for the statistical analysis of data. Duncan’s multiple range test

was used for the analysis of variance (p < 0.05). The relationships

among soil properties and forage aboveground biomass were

examined by performing Pearson’s correlation analysis. The

Canoco 5 (Microcomputer Power, Ithaca, NY, United States)

was used for principal coordinates analysis (PCoA) and

redundancy discriminatory analysis (RDA). Origin software

(Version 8.5; Northampton, MA, United States) was used to

draw figures.

Results

Aboveground biomass

The yield from rape/common vetch intercropping was

31.44 t hm−2 in 2019 and 24.99 t hm−2 in 2020. In 2019, the

yield of common vetch monoculture was 15.81 t hm−2, and the

yield of rape monoculture was 31.08 t hm−2. In 2020, the yield of

common vetch monoculture was 13.77 t hm−2, while the yield of

rape monoculture was 27.60 t hm−2. Intercropping significantly

increased dry matter (refers to aboveground biomass, up to

98.86% and 81.48%, respectively ) compared with that

obtained by common vetch monoculture.

Soil properties

As shown in Table 1, the intercropping patterns affected soil

nutrients and pH. Specifically, regarding the soil physical properties,

pH was lower with intercropping compared with the cropping

systems of common vetch or rape monoculture, which were

decreased by 0.42 and 0.43, respectively. Compared with the

common vetch or rape monoculture cropping systems, SBD

under intercropping significantly decreased by 1.85% and 2.75%

in 2019 and 4.92% and 1.69%, in 2020, respectively. For soil

chemical properties, however, intercropping significantly

increased SOM, TN, and AP levels (p < 0.05), ranging from

19.26 to 23.66 g kg−1 for OM, 0.52 to 0.62 g kg−1 for TN, 0.88 to

0.94 for g kg−1 TP, and 22.19 to 29.82 mg kg−1 for AP (in 2020).

Similarly, compared with monoculture, the SOM, TN, and AP

content was higher under intercropping treatment (in 2019,

p > 0.05).

Both monoculture and intercropping systems had significant

effects on the soil MBC, MBN, and MBP (Figure 2). Compared

with common vetch monoculture, the content of MBC, MBN,

and MBP in the rhizosphere soil of the intercropping system was

significantly higher (p < 0.05), by 29.13%, 39.44%, and 35.46% in

2019 and by 33.70%, 31.92%, and 32.70% in 2020, respectively.

Soil sucrase and urease activities in the intercropping soil

were significantly higher by 40.24% and 16.47% in 2019 and

35.57% and 16.84% in 2020, respectively, than with rape

monoculture (Figures 3A,B, p < 0.05). Intercropping increased

sucrase activity by 16.10% and 13.69% compared with common

vetch monoculture in both years (Figure 3A). However, the soil

alkaline phosphatase activity in the monoculture soil (except for

common vetch monoculture in 2019) was higher than that in the

intercropping soil, but this difference was not significant

(Figure 3C).

Correlation between aboveground
biomass and soil properties

Pearson correlation coefficients were calculated between the

aboveground biomass and soil properties (Table 2). The

aboveground biomass of common vetch and rape was

significantly positively correlated with SOM and AP. In

addition, aboveground biomass was significantly negatively

correlated with SBD and ALP.

Soil bacterial and fungal community
diversity

The soil bacterial abundance index values (observed OTUs

and Chao1 index) were significantly lower in the intercropped

soil than in the monoculture soil. Bacterial diversity index values

based on the Shannon and Simpson indices showed no

significant difference between monoculture and intercropping.

The Shannon index was the highest with the R treatment,

followed by the IRCV and CV treatments (Table 3). The soil

fungi abundance index values (observed OTUs and Chao1 index)

were highest with the CV treatment, followed by the IRCV and R

treatments (Table 4). However, the Shannon and Simpson

indices were lowest with the CV treatment (Table 4).
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PCoA showed that the fungal communities seen between

rape and common vetch were clearly separated (Figure 4B),

which indicates that the crop species influenced the soil

microbial community. However, the difference in bacterial

communities between treatments was not significant (Figure 4A).

Shifts of soil bacterial and fungal
community composition and responses to
soil properties and enzyme activities

None of the bacterial phyla showed a significant

difference between treatments (one-way ANOVA p >

0.05). Proteobacteria (31.92–33.07%) were the most

abundant, followed by Acidobacteria and Actinobacteria,

and Gemmatimonadetes (Figure 5A). The relative

abundance of Proteobacteria increased by 3.60% under

IRCV treatment compared with CV treatment. The CV

treatment had the highest relative abundance of

Acidobacteria (21.35%), which was higher compared with

their relative abundance under R treatment (7.94%). The

IRCV treatment increased the relative abundance of

Gemmatimonadetes, Bacteroidetes, and Rokubacteria by

15.12%, 9.55%, and 5.81%, respectively, compared with the

R treatment. The relative abundance of Chloroflexi was

significantly (p < 0.05) decreased under IRCV (7.08%)

TABLE 1 Soil physicochemical properties.

Year Soil physicochemical
properties

CV R IRCV F P

2019 pH 8.53 ± 0.08a 8.56 ± 0.06a 8.55 ± 0.10a 0.185 0.833

SBD (g·cm3) 1.08 ± 0.01 ab 1.09 ± 0.02a 1.06 ± 0.01b 4.377 0.037

OM (g·kg−1) 20.36 ± 3.14a 20.36 ± 1.25a 23.53 ± 3.49a 2.125 0.162

TN (g·kg−1) 0.61 ± 0.03a 0.58 ± 0.02a 0.61 ± 0.03a 1.389 0.287

TP (g·kg−1) 0.91 ± 0.05a 0.92 ± 0.02a 0.90 ± 0.02a 0.041 0.960

AP (mg·kg−1) 21.05 ± 1.05b 22.48 ± 2.45 ab 24.11 ± 1.76a 3.432 0.066

2020 pH 8.58 ± 0.08a 8.59 ± 0.05a 8.16 ± 0.24b 14.004 0.001

SBD (g·cm3) 1.22 ± 0.02a 1.18 ± 0.02b 1.16 ± 0.02b 12.205 0.001

OM (g·kg−1) 19.26 ± 3.33b 22.15 ± 2.25 ab 23.66 ± 2.36a 3.446 0.066

TN (g·kg−1) 0.59 ± 0.04 ab 0.52 ± 0.03b 0.62 ± 0.09a 3.007 0.087

TP (g·kg−1) 0.89 ± 0.04b 0.94 ± 0.02a 0.88 ± 0.01b 6.848 0.010

AP (mg·kg−1) 22.19 ± 0.60c 24.31 ± 0.98b 29.82 ± 0.62a 135.852 <0.001

The data represent the mean ± SD; n = 5. Different letters within a column indicate significant differences among treatments at the p < 0.05 level. CV, R, and IRCV represent common vetch

monoculture, rape monoculture, and R and CV intercropping, respectively.

FIGURE 2
Changes in soil MBC (A), MBN (B), and MBP (C) under three cropping systems in 2019–2020. Different lowercase letters represent significant
differences among treatments (p < 0.05). CV, R, and IRCV represent the common vetch monoculture, rape monoculture, and R and CV
intercropping, respectively.
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FIGURE 3
Changes in soil enzyme activities under the three cropping systems in 2019–2020. Different lowercase letters represent significant differences
among treatments (p < 0.05). Soil sucrase (A), urease (B), and soil alkaline phosphatase (C). CV, R, and IRCV represent common vetch monoculture,
rape monoculture, and R and CV intercropping, respectively.

TABLE 2 Correlation coefficients between aboveground biomass and soil properties for all treatments.

AGB pH SBD OM TN TP AP MBC MBN MBP SUC Ure ALP

AGB 1 −0.31 ns −0.72b 0.56a −20 ns 0.42 ns 0.57a 0.49 ns 0.51 ns 0.27 ns −0.17 ns −0.28 −0.70b

pH 1 0.53a −0.47 ns −0.49 ns 0.35 ns −0.80b −0.40 ns −0.56a −0.81b −0.82b −0.59a 0.33 ns

SBD 1 −0.80b −0.41 ns −0.14 ns −0.73b −0.59a −0.59a −0.59a −0.22 ns −0.17 ns 0.63a

OM 1 0.33 ns 0.14 ns 0.52a 0.31 ns 0.54a 0.34 ns 0.18 ns 0.15 ns −0.34 ns

TN 1 −0.41 ns 0.28 ns 0.46 ns 0.01 ns 0.49 ns 0.60a 0.32 ns 0.15 ns

TP 1 −0.34 ns 0.13 ns −0.26 ns −0.47 ns −0.68b −0.43 ns −0.01 ns

AP 1 0.50 ns 0.83** 0.88b 0.59a 0.44 ns −0.58a

MBC 1 0.01 ns 0.50 ns 0.26 ns 0.01 ns −0.39 ns

MBN 1 0.69b 0.33 ns 0.37 ns −0.33 ns

MBP 1 0.73b 0.69b −0.32 ns

SUC 1 0.70b −0.02 ns

URE 1 −0.01 ns

ALP 1

aCorrelation is significant at the 0.05 level.
bCorrelation is significant at the 0.01 level, and ns means no significant difference. AGB, aboveground biomass, Suc., soil sucrase; Ure., soil urease, and ALP, soil alkaline phosphatase.

TABLE 3 Richness, diversity of the bacterial communities of the rhizosphere soil under different treatments.

Cropping pattern Richness Diversity

Observed OTUs Chao 1 Shannon Simpson

R 6,812.04 ± 147.76a 8,685.29 ± 341.08a 11.55 ± 0.04a 0.99925 ± 0.00003a

CV 6,411.92 ± 357.90b 8,103.21 ± 620.75 ab 11.46 ± 0.09a 0.99921 ± 0.00004a

IRCV 6,151.46 ± 148.07b 7,555.34 ± 291.48b 11.48 ± 0.04a 0.99924 ± 0.00005a

Changes in microbial (bacterial) alpha diversity under different cropping patterns. CV, R, and IRCV represent the common vetch monoculture, rape monoculture, and intercropping of R

and CV, respectively.
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treatment compared with CV (8.14%) and R (8.01%)

treatments. The relative abundances of the bacterial genera

are shown in Figure 5C. The predominant phyla of the

bacterial community were Subgroup_6, MND1, RB41,

Sphingomonas, and KD4-96. The IRCV treatment

increased the relative abundance of Subgroup_6, RB41,

Rokubacteriales, 67_14, Subgroup_7, and Haliangium by

5.12%, 6.22%, 5.69%, 41.82%, 1.60%, and 4.10%,

respectively, compared with the R treatment. Moreover,

compared with R and CV, the relative abundance of

Sphingomonas was decreased with the IRCV treatment by

12.90% and 20.37%, respectively.

Soil fungal communities were dominated by Ascomycota

(68.92%–75.84%, average 72.25%), Mortierellomycota

(6.73%–8.86%, average 7.84%), Olpidiomycota (0.21%–

6.83%, average 3.68%), and Basidiomycota (3.19%–4.94%,

average 4.09%), which made up more than 87.86% of the

total sequences. Blastocladiomycota, Chytridiomycota,

Zoopagomycota, Glomeromycota, Mucoromycota, and

Rozellomycota were detected at relatively low abundances

(relative abundance <1%). Compared with the R treatment,

IRCV increased the relative abundance of Mortierellomycota

and Basidiomycota by 17.68% and 29.47%, respectively

(Figure 5B). The fungal genera with a high relative

abundance (>1%) are shown in Figure 5D. The community

following CV treatment had a significantly lower relative

abundance of Olpidium, which decreased by 96.93% and

94.75%, respectively, compared with R and IRCV. The

abundance of Mortierella, Alternaria, Fusarium,

Botryotrichum, Dokmaia, Solicoccozyma, Didymella, and

Tausonia were elevated under CV treatment compared

with R and IRCV treatments.

Redundancy analysis (RDA) was conducted to determine

the influence of variations in soil properties on microbial

community composition at the phylum level. For the

bacterial community, axis one explained 71.85% and axis two

explained 8.93% of the total variations. The variation in the

bacterial community was mainly influenced by the soil ALP

content (F = 7.1, p = 0.02) and soil TP content (F = 4.9, p =

0.048) (Figure 6A). Soil sucrase (F = 4.0, p = 0.04) was found to

be the most important parameter influencing the community

composition of soil fungi (Figure 6B).

TABLE 4 Richness, diversity of the fungal communities of the rhizosphere soil under different treatments.

Cropping patterns Richness Diversity

Observed OTUs Chao 1 Shannon Simpson

R 512.06 ± 71.46a 518.02 ± 70.36a 5.61 ± 0.92a 0.93 ± 0.05a

CV 493.30 ± 64.23a 496.85 ± 65.26a 6.28 ± 0.36a 0.97 ± 0.01a

IRCV 517.84 ± 67.07a 521.22 ± 67.43a 5.98 ± 0.54a 0.95 ± 0.02a

Changes in microbial (fungal) alpha diversity under different cropping patterns. CV, R, and IRCV represent common vetch monoculture, rape monoculture, and R and CV intercropping,

respectively.

FIGURE 4
Principal coordinates analysis (PCoA) representation of soil bacterial (A) and fungal communities (B) in the three cropping sequences (OTUs
with relative abundance of more than 0.01%). CV, R, and IRCV represent common vetch monoculture, rape monoculture, and R and CV
intercropping, respectively.
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Discussion

Biomass and soil properties

Intercropping increased dry matter (Figure 7), but this was

not our primary interest as these effects have already been shown,

with higher uptake of nitrogen (Blessing et al., 2022) and

phosphate (Li et al., 2007) through intercropping maize and

beans. In 2019, there was no significant difference between the

biomass obtained with intercropping treatment and that

obtained with rape monoculture. In 2020, the yield with the

intercropping treatment was significantly lower than that with

the R treatment. This was due to the fact that intercropping

treatment involved two rows of rape and four rows of common

vetch. The biomass per plant of common vetch was lower than

that of rape, leading to the above results.

The physical and chemical properties of soil are generally

regarded to be indicators of soil quality (Schoenholtz et al., 2000).

Gong et al. (2019) noted that proso millet/mung bean

intercropping significantly increased soil nutrient retention,

including N, P, K, and soil temperature, findings that were

reflected in the current study. We found that SBD was

significantly lower with the IRCV treatment than with the

monocultures (Table 1) and corresponded with the opposite

trends with higher SOC, TN, and available P content (Table 1)

compared with the monoculture cropping systems. This

indicated that intercropping can effectively maintain soil

moisture and soil porosity. Soil pH showed a decreased trend

with IRCV treatment relative to that seen with the R and CV

treatments, although the differences among these three

treatments were not significant in 2019, which contrasts with

previous results reported by Betencourt et al. for chickpeas

(2012). This result may be due to the fact that the distribution

and infiltration of roots in the soil may help to improve the

physical properties and structure of soil and further increase the

nutrient supply to rhizosphere soil (Li et al., 2016). The root

nodules of common vetch can increase soil N retention and

reduce SOM loss, which helps to maintains a healthy ecosystem

(Amusan et al., 2011; Jayaraman et al., 2020; Wang et al., 2022).

Similar results have been reported by Soltangheisi et al. (2018) as

FIGURE 5
Relative abundances of the dominant bacteria [(A), at phylum level; (C), at genus level] and fungi [(B), at phylum level; (D), at genus level] in the
three cropping patterns. The top ten dominant phyla and genera of bacteria and fungi, respectively, were used in the analysis. The relative abundance
of each phylumor genuswas calculated by the average relative abundance of this phylumor genus across all soils divided by the average total relative
abundance of all phyla in each cropping sequence. CV, R, and IRCV represent common vetch monoculture, rape monoculture, and R and CV
intercropping, respectively.
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the AP content increased in IRCV, as rape and common vetch

can be both a valuable source of phosphorus for mobilizing more

P. However, Zhang and Li (2003) found soil TN and AP content

decreased, as intercropping used soil nutrients more efficiently

than monoculture cropping. Our correlation analysis also

showed that SOM and AP were positively correlated with

aboveground biomass (Table 2), indicating that higher levels

of soil nutrients increased the biomass of common vetch

and rape.

As a result of management practices, microbial biomass and

soil enzyme activity are also essential for soil metabolic capacity

and nutrient cycling (Saha et al., 2008; Spohn and Kuzyakov,

2013). MBC, MBN, and MBP did indeed significantly increase

with the intercropping treatment (Figure 2), which is direct

evidence of the well-documented stimulation of microbial

communities by intercropping. Besides microbial biomass, we

also reported that soil sucrase, soil urease, and soil alkaline

phosphatase (Figure 3) were enhanced in the rhizosphere,

which are additional indications of the advantages of

intercropping. These findings are in accordance with those of

a previous study conducted by Ahmed et al. (2019). Liu et al.

(2021) reported that F. multifora-A. paniculate intercropping

system significantly increased microbial biomass and soil enzyme

activity, which promoted the release of soil nutrients. These

results could be due to variations in the origin, form, or

persistence of different enzymatic groups under different crop

patterns (Trasar-Cepeda et al., 2008). Pearson’s correlation

analysis showed that MBP was significantly positively

correlated with soil urease (Table 2), probably because the

numbers of microorganisms present in soil are believed to be

the drivers of enhanced microbial activities due to the presence of

phosphatases (Turner and Haygarth, 2005). The findings of

Dakora and Phillips (2002) are also in agreement with the

factthat fungi is responsible for ALP. If this is the case, the

observed changes in soil properties when common vetch was

FIGURE 6
Redundancy analysis (RDA) of bacterial (A) and fungal (B) communities at the phylum level with soil variables. SBD, soil bulk density; SOM, soil
organic matter; TN, total nitrogen; TP, total phosphorus, AP, available phosphorus, MBC, microbial biomass carbon; MBN, microbial biomass
nitrogen; MBP, microbial biomass phosphorus, Suc., soil sucrase; Ure., soil urease, and ALP, soil alkaline phosphatase.

FIGURE 7
Biomass in the three cropping systems in 2019–2020.
Different lowercase letters represent significant differences
among treatments (p < 0.05).
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intercropped with rape could have contributed to mediating

aboveground–belowground cycling in this intercropping

system (Tang et al., 2016).

Microbial diversity and microbial
composition

Differences in soil characteristics can explain differences between

soil bacterial and fungal communities, because microbes provide

nutrients for plant growth (Tian et al., 2019). Our results confirmed

that bacterial alpha diversity was higher under monocropping,

especially the R treatment (Table 3), but it was difficult to predict

fungal alpha diversity for different intercropping systems (Table 4),

indicating the higher sensitivity of the bacterial community than that

of the fungal community to the common vetch–rape intercropping

system. This result is supported by the work of Gong et al. (2019),

which suggested that intercropping was beneficial for the control of

pests and diseases (Jarvis et al., 2015). Additionally, the diversity of

bacterial communities associated with intercropping of sugarcane

with soybean was significantly increased compared with

monoculture and played an indispensable role in shifting the root

environment to help healthy plant growth (Malviya et al., 2021).

Soil nutrient content and soil structural characteristics are crucial

factors affecting bacterial and fungal community composition

(Mouhamadou et al., 2013). In this study, with respect to bacterial

composition, we found that the phyla Proteobacteria,

Gemmatimonadetes, Bacteroidetes, and Rokubacteria were

significantly increased under intercropping treatments. This result

is consistent with the findings of a recent study that investigated

peanut–cassava intercropping, which reported that the percentage of

Gemmatimonadetes in the rhizospheric soils of intercropping

systems was higher than in monoculture soils (Tang et al., 2020).

In contrast, Chloroflexi significantly decreased, which is similar to Li

et al.’s (2021) results showing the effect on microbial community

structure of intercropping Ophiopogon japonicus in a tea garden.

Chloroflexi grows slowly and tends to congregate in low-nutrient

environments (NüBel et al., 2001). Our correlation analysis between

soil environmental variables and the dominant bacteria further

confirmed this result, and there was a negative correlation

between Chloroflexi and TN, TP, OM, and AP (Figure 6A).

Regarding the fungal community, intercropping increased the

relative abundance of Mortierellomycota and Basidiomycota, a

finding that was in line with those described for arid farmlands

on a global scale (Li et al., 2018).

At the genus level, our study showed that the relative abundance

of Sphingomonas decreased under IRCV treatment. Sphingomonas

has been shown to exhibit N cycling and has been associated with

the antagonistic activity of soil nutrients (Videira et al., 2009;

Prakash et al., 2012; Xu et al., 2018). The fungal genus with a

low relative abundance under IRCV treatment compared with CV

treatment was Fusarium. Fusarium can cause legume stem disease

(Cannon et al., 2012). The change in soil microbial community

composition among different cropping patterns might be due to the

soil temperature and moisture and indicated that common

vetch–rape intercropping can maintain a healthy soil ecosystem.

Conclusion

In conclusion, IRCV significantly increased the biomass of

common vetch. As a result of the intercropping of common vetch

with rape, soil quality was improved by increasing the microbial

biomass, the activity of some soil enzymes, bacterial diversity, and the

relative abundances of potentially beneficial microorganisms. Our

results also indicated that intercropping led to more bacterial

diversity than that seen for fungi. The common vetch–rape

intercropping system is a good example of a new strategy for

ecological planting of pasture, which will be of great importance

for sustainable development and animal husbandry. Moreover,

intercropping significantly increased the soil AP content, which is

a useful finding for improving the activation of insoluble P in soil.
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