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Abstract: Soil salinization is detrimental to crop growth, agricultural yields, and environmental
protection. Echinochloa frumentacea (Roxb.) Link is a pioneer species for the alteration of saline–alkali
lands. In this paper, we examined the effects of intercropping between E. frumentacea and leguminous
forages on saline land improvement in the saline–alkali soil of the Hetao-Ningxia Plain, China. We
found that intercropping increased the diversity and richness of the arbuscular mycorrhizal fungi
(AMF) community in the rhizosphere soil of E. frumentacea. Glomus was the dominant genus in
the saline–alkali soil of the Hetao-Ningxia Plain, where Glomeraceae, VTX00067, VTX000193, and
VTX000165 were the dominant species. Intercropping improved the activities of soil urease, sucrase,
alkaline phosphatase, and catalase. The hay yields of E. frumentacea were correlated positively
with soil enzyme activities, Chao1 index, and ACE index, and negatively with total water-soluble
salt content. Together, intercropping between E. frumentacea and leguminous forages enhances
AMF diversity and soil enzyme activities, which provides an agricultural practice for improving
sustainability of the agro-ecosystem in saline–alkali areas.

Keywords: intercropping; Echinochloa frumentacea; leguminous forages; arbuscular mycorrhizal fungi
(AMF); enzyme activity; saline–alkali soil

1. Introduction

In arid and semi-arid areas, because of the high evaporation of soil moisture, the
dissolved salts in groundwater accumulate on the soil surface through capillary movement,
resulting in so-called secondary salinization, which is harmful to farmland and leads to
land degradation [1]. In addition, irrational irrigation and insufficient drainage systems
further aggravate soil salinization in this area [2]. Globally, soil salinization has become one
of the most important abiotic stresses limiting crop yield and agricultural sustainability [3].
In the past decades, salinity-induced soil degradation has increased in the world; about
75 countries in the world have soil affected by salinization, and salinity-induced soil rep-
resents about 15% of the arid and semi-arid regions of the world. Generally, saline–alkali
land accounts for 20% of global irrigated land, and this value reaches 30% in arid and
semi-arid countries due to unreasonable irrigation and insufficient drainage [4–6]. The
Hetao-Ningxia Plain is located in the southeastern area of Huanghe Alluvial Plain where
the developed irrigation system has been constructed. Approximately 50% of irrigated
lands have been salinized in the northern area of Hetao-Ningxia Plain, which is attributed
to the high groundwater table resulted from flooding, irrigation, and insufficient drainage
systems [7,8].

Excessive salt in soil exerts a negative influence on the soil physical and chemical
properties [9], as well as the activities of soil microorganisms and enzymes. According to
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Singh et al. [10], the microbial communities (structure, function, and diversity) are affected
significantly by soil salinity and alkalinity. Nevertheless, saline soil can be utilized following
multiple ameliorative measures, of which biological improvement is an effective method.
Biological improvement refers to planting salt-tolerant plant species that have a positive
impact on soil physical and chemical properties [11]. Echinochloa frumentacea (Roxb.) Link
is a gramineous forage with strong tolerance to salinity, a fast growth rate, high grass yield,
and good palatability, which can be used to make hay or silage feed [12,13]. E. frumentacea
is widely planted in the saline–alkali land of the Hetao-Ningxia Plain, China. Studies have
shown that the cultivation of E. frumentacea reduces soil pH, total salt, and alkalinity, and
increases organic matter, which is beneficial to the reclamation of saline–alkali land [14,15].

Arbuscular mycorrhizal fungi (AMF) are microorganisms that form symbionts with
host plants. The fungal hyphae of AMF colonize plant root cells and form arbuscular
mycorrhiza, which are branches and places for exchanging nutrients between plants and
fungi. AMF assist their hosts to obtain nutrients and mineral elements needed for growth,
and obtains carbon sources from their hosts in exchange, affecting the productivity and
stability of plant communities [16,17]. Studies have shown that AMF are an important
mediator of soil aggregation and an important factor for maintaining the stability of soil
aggregates [18]. Glomalin-related soil proteins (GRSP) secreted by AMF and their mycelium
play an important role in promoting soil improvement and fertilization, maintaining
soil health and sustainable productivity [19]. AMF can alleviate the negative impacts of
saline–alkali lands [20]. AMF can increase the salt tolerance of plants, regulating plant
growth in many ways, and relieve salt stress injury in plants. AMF can improve nutrient
use by host plants, especially the accumulation of N, Ca, Zn, Mg, P, Cu, and Fe and
soluble proteins in plants, and maintain the K+/Na+ ratio, enhancing the salt tolerance
of plants [21–23].

Compared with the traditional monoculture, intercropping planting has positive
impacts on the richness and diversity of AMF community, and contributes to the sustainable
development of agricultural ecosystems [24]. According to Liu et al. [25] and Lithourgidis
et al. [26], the intercropping system between gramineae and leguminous plants has several
main advantages, such as higher total yield, better land use efficiency, and higher economic
benefits, better utilization of sunlight, water, and nutrients, and helps to improve soil
fertility. Soil nutrient cycle includes biochemical, chemical, and physicochemical reactions,
which are catalyzed by soil enzymes. Since soil enzymes respond to changes faster than
physicochemical indices, soil enzyme activities are often used as indicators of changes in
microbial activity and soil fertility [27]. Therefore, it is necessary to study the diversity and
community structure of the AMF community and soil enzyme activities in the intercropping
system of gramineous and leguminous plants in saline–alkali soil.

We aim to examine the impact of intercropping between gramineous and leguminous
forages on the diversity of the AMF community and soil enzyme activity in the rhizosphere
soil of E. frumentacea grown in saline–alkali lands. We conducted field experiments that
consisted of intercropped treatments between E. frumentacea and two leguminous grasses
and monoculture control in the saline–alkali soil of the Hetao-Ningxia Plain, China. We
analyzed AMF diversity and the soil enzyme activity in rhizosphere soil of E. frumentacea.

2. Materials and Methods
2.1. Experimental Materials

E. frumentacea cv. ‘Haizi No.1’ was bred by Lisheng Wan, working in Ningxia Grassland
Station, Ningxia Hui Autonomous Region. Semi-wild soybean (Glycine max. gracilis
Skvortsov cv. ‘Dongsidou No.1’) originated from the Dongying Academy of Agricultural
Sciences, Shandong Province. Fodder soybean (Glycine max (L.) Merr. Cv. ‘Mudanjiang
MD’) was bred by Guowen Cui who works in Northeast Agriculture University.
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2.2. Background of the Experimental Site

The experimental site was located in Gaozhuang Township in Pingluo County of
Ningxia Hui Autonomous Region, China (38◦95′ N, 106◦54′ E), which is located in the
Hetao-Ningxia Plain, with an altitude of about 1057.8 m. It is a continental climatic region
of temperate zone. The annual sunshine is from 2800 h to 3200 h with small rainfall, and
high evaporation. The soil chemical properties were: 0–20 cm soil pH, 8.36; total salt, 4.87‰;
organic matter, 13.41 g·kg−1; total N, 0.71 g·kg−1; available N, 43.03 mg·kg−1; available P,
9.82 mg·kg−1. The monthly precipitation and mean air temperature data from March to
October for two years are shown in Figure 1.
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Figure 1. Monthly mean air temperature and precipitation in the experimental site from March to
October in 2021 and 2022. Data from wheat A malt—agro-meteorological big data system V1.5.7b.

2.3. Experimental Designings

Field experiments were carried out from April to August in 2021 and 2022. The crop
in this field before this experiment started was alfalfa. Random block design was adopted
with three treatments, including monoculture of E. frumentacea, intercropping between
E. frumentacea and semi-wild soybean, and intercropping between E. frumentacea and fodder
soybean. Each treatment was repeated three times. The area was 24 m2 (4 m × 6 m) for
every plot, surrounded by isolation belts with a width of 1 m.

The sowing rate of monocropped E. frumentacea, intercropped E. frumentacea, inter-
cropped semi-wild soybeans, intercropped fodder soybeans was 15 kg·ha−1, 9 kg·ha−1,
19.5 kg·ha−1, and 36 kg·ha−1, respectively. The E. frumentacea tested crops were sown in
line. As shown in Figure 2, the row space was 40 cm in monocropping treatment. For
intercropping systems, and the proportion of intercropping rows was 2:2 for two species
(i.e., two rows of E. frumentacea and two rows of legume intercropping). The same species,
such as E. frumentacea or leguminous forages, were sowed with a row space of 30 cm,
while a row interval of 50 cm was maintained between E. frumentacea and legumes. Apply
compound fertilizer (N-P2O5-K2O: 18-18-18) 450 kg·ha−1 during sowing, with topdressing
once in June, applying compound fertilizer (N-P2O5-K2O: 18-18-18) 150 kg·ha−1, and urea
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(N: 46.4%) 120 kg·ha−1. During the experiment period, irrigated by the Yellow River water,
the irrigation method is flood irrigation. Weeds in the plots were eliminated manually,
spraying pesticides to control red spiders and aphids.
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2.4. Soil Sample Collection and Determination of Plant Yields

The sampling dates of rhizosphere soil of E. frumentacea in monoculture and intercrop-
ping treatments were 19 August 2021 and 20 August 2022. Six plants were dug randomly for
each treatment. Loose soil was shaken off from the roots. The rhizosphere soil was removed
from the roots with a sterilized soft bristle brush. After mixing evenly, the rhizosphere soil
was put into a sterile sampling bag and brought back to the laboratory using sampling
boxes containing ice. One-third of the soil sample was kept in sterilized centrifuge tubes
and stored in an refrigerator at −80 ◦C for high-throughput sequencing analysis of the
AMF community structure. The remaining soil samples were used for testing soil enzymes
and to measure pH and total water-soluble salt content.

The measurement of fresh grass and hay yields of forages for the three treatments was
determined with reference to Cheng et al. [15].

2.5. AMF Diversity Detection Method

DNA was extracted from soil using the DNeasy PowerSoil Kit (QIAGEN, Hilden,
Germany). DNA purity test method: NanoDrop2000, DNA concentration test method:
NanoDrop2000, DNA integrity test method: Agarose gel electrophoresis. PCR amplifica-
tion: The primers for the first round of amplification were AML1F (5′-ATCAACTTTCGATG
GTAGGAGATAGA-3′) and AML2R (5′-GAACCCAACACTTGGTTCC-3′), and the primers
for the second round of amplification were AMV4-5NF (5′-AAGCTCTTCGATGGTATTCG-3′)
and AMDGR (5′-CCAACACTATCCACTTTGGTTCAT-3′). PCR official experimental used
TransGen AP221-02: TransStart Fastpfu DNA Polymerase, 20 µL reaction system. Sequenc-
ing of amplicon libraries was performed on the Illumina MiSeq platform (Illumina, San
Diego, CA, USA). The determination was completed by Majorbio Biopharm Technology
Co., Ltd. (Shanghai, China).

Sequencing data processing: Cut the Barcode sequence and PCR amplification primer
sequence from the sequenced sequence, and then use FLASH (v1.2.11) to splice the reads
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of each sample to obtain raw tags. After strict filtering, quality control, and removal of
chimeric sequences, obtain the final effective tags. Use USEARCH11 software to cluster
all effective tags with 97% consistency for OTUs (Operational Taxonomic Units), and use
maarjam081/AM database to annotate OTUs representative sequences for species to obtain
taxonomic information.

2.6. Determination of Soil Enzyme, pH and Total Salts

The activities of soil urease, sucrase, alkaline phosphatase, and catalase were deter-
mined with soil enzyme kits (Comin, Suzhou, China). Enzyme activities were defined as
follows: one unit of soil urease activity was defined as the production of 1 µg NH3-N per
gram of soil per day at 37 ◦C; a unit of soil sucrase activity was defined as the production
of 1 mg reducing sugar per gram of soil per day; a unit of soil alkaline phosphatase activity
was defined as releasing 1 µmol paranitrophenol per gram of soil per day; a unit of soil cata-
lase activity was defined as the degradation of 1 µmol H2O2 per gram soil per day. The pH
meter was used to measure soil pH. The total water-soluble salt content (TS) was obtained
by measuring the electrical conductivity of 1:5 (soil/water) suspension with a conductivity
meter (Multiparameter SevenCompact™, Mettler Toledo, Shanghai, China) [15].

2.7. Statistical Analysis

The Shannon diversity index (Shannon), Simpson diversity index (Simpson), and
richness index (Chao1, ACE) of AMF in rhizosphere soil of E. frumentacea in different
treatments was calculated by Mothur (version v.1.30.2) software. PCoA statistical analysis
and mapping of species community column chart (bar chart) were finished using R lan-
guage (version 3.3.1). Correlation analysis and mapping was finished by Origin 2021, Excel
2019 and SPSS 23 were used for statistical variance analysis of the diversity of the AMF
community and soil enzyme activities between different treatments.

3. Results
3.1. Hay Yields per Unit Area of E. frumentacea under Different Intercropping Treatments

During the 2-year experiments, treatments of intercropping with different leguminous
forages increased the hay yields per unit area of E. frumentacea (p < 0.05) (Figure 3). For the
same sowing area, compared with EE, the hay yields per unit area of ES and EF increased
by 39.66% and 38.55% in 2021, and by 45.57% and 44.51% in 2022, respectively.
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E. frumentacea in intercropping system with semi-wild soybeans; EF, E. frumentacea in intercropping
system with fodder soybeans. Different letters above the columns in the same year indicate significant
differences among different treatments by Duncan’s test (p < 0.05).
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3.2. Venn Diagram of AMF OTU Distributions in Different Treatments

As shown in Figure 4, the sequencing results showed that there were 38 OTU types
shared with the soils of the 3 different treatments. E. frumentacea intercropped with fodder
soybeans (EF) had the highest number of OTUs, at 64 types, followed by E. frumentacea
intercropped with semi-wild soybeans (ES), with 58 types. The total number of OTUs in
rhizosphere soil for monocropped E. frumentacea (EE) was the lowest, at 45 types.
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soybeans; EF, E. frumentacea in intercropping system with fodder soybeans.

3.3. Diversity of AMF in Rhizosphere Soil of E. frumentacea in Different Treatments

AMF in the rhizosphere soil of E. frumentacea displayed higher Shannon, Chao1, and
ACE indices in intercropping treatments than those in monoculture treatment (p < 0.05),
while a lower Simpson index of the AMF community was found in the rhizosphere soil of
E. frumentacea. Compared with EE, the Shannon index of ES and EF increased by 33.89%
and 28.16%, respectively. The Chao 1 index of ES and EF increased by 74.03% and 68.83%,
respectively, and the ACE index of ES and EF increased by 84.43% and 70.4%, respectively
(Table 1).

Table 1. AMF diversity in rhizosphere soil of E. frumentacea in the three treatments.

Treatment
Diversity Index Community Richness Index

Shannon Simpson Chao1 ACE

EE 2.091 ± 0.31 b 0.185 ± 0.05 a 25.667 ± 8.74 b 25.655 ± 8.72 b
ES 2.799 ± 0.19 a 0.093 ± 0.02 a 44.667 ± 4.96 a 47.315 ± 3.47 a
EF 2.679 ± 0.07 a 0.129 ± 0.03 a 43.333 ± 3.06 a 43.716 ± 3.06 a

Note: EE, monocropped E. frumentacea; ES, E. frumentacea in intercropping system with semi-wild soybeans;
EF, E. frumentacea in intercropping system with fodder soybeans. Different letters in the same column indicate
statistically significant differences based on Duncan’s test (p < 0.05).

3.4. Community Compositions of AMF in Rhizosphere Soil of E. frumentacea under Different Treatments

According to the results of high-throughput sequencing and species annotation, AMF
communities in rhizosphere soil of E. frumentacea in monoculture and intercropping treat-
ments were classified into 3 families, 3 genera, and 20 species. At the species level, un-
classified_g__Glomus_f__Glomeraceae exhibited the highest relative abundance among
all treatments (21.31–58.12%). Other dominant species were Glomus-mosseae-VTX00067
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(15.43–28.54%), Glomus-group-B-Glomus-lamellosu-VTX00193 (5.519–17.43%), Glomus-
sp.-VTX00165 (0.9803–21.9%), Glomus-MO-G23-VTX00222 (3.375–4.439%). Compared with
EE, the AMF community in the rhizosphere soil of ES displayed higher abundance of
unclassified_g__Glomus_f__Glomeraceae and s__Glomus-Wirsel-OTU16-VTX00156, and
a lower abundance of Glomus-sp.-VTX00165 and Glomus-group-B-Glomus-lamellosu-
VTX00193. In contrast, the AMF community in the rhizosphere soil of EF was found to have
a higher abundance of Glomus-Group-B-Glomus-GlBb1.2-vtx00055 and a lower abundance
of Glomus-sp.-VTX00165 than those of EE (Figure 5).
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E. frumentacea in intercropping system with fodder soybeans.

3.5. Beta Diversity Analysis of AMF in Rhizosphere Soil of E. frumentacea in Different Treatments

As shown in Figure 6, principal component 1 (PC1) could explain 33.77% of the
variance of all variables, while principal component 2 (PC2) could explain 28.01% of the
variance of all variables. The first two principal components could explain 61.78% of the
total variance. AMF communities of all experimental treatments could be clearly divided
into three clusters. The AMF flora in the E. frumentacea soil of the monoculture has a
negative correlation with PC1, and the AMF flora in the intercropping soil has a positive
correlation with PC1. The planting patterns of monoculture and intercropping have great
influence on the AMF communities in the rhizosphere soil of E. frumentacea.

3.6. Analysis of Soil Enzyme Activities, pH, Total Water-Soluble Salt under Different Treatments

As shown in Table 2, in 2021, compared with EE, the activities of urease, sucrase,
alkaline phosphatase, and catalase in ES rhizosphere soil, and the activities of sucrase and
catalase in EF rhizosphere soil increased significantly (p < 0.05). In 2022, the activities of
urease, sucrase, alkaline phosphatase, and catalase in ES rhizosphere soil, and the activities
of urease, sucrase, alkaline phosphatase, and catalase in EF rhizosphere soil increased
significantly (p < 0.05). Total water-soluble salt contents were lower in ES and EF than those
in EE in the two consecutive years (p < 0.05).
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Figure 6. Principal component analysis of AMF beta diversity in the rhizosphere soil of E. frumentacea
in three treatments. EE, monocropped E. frumentacea; ES, E. frumentacea in intercropping system with
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Table 2. Soil enzyme activities in the rhizosphere soil of E. frumentacea under different planting patterns.

Year Treatment

Soil Enzyme Activities

pH Total Water-Soluble
Salt (g·kg−1)Urease

(µg·g−1·d−1)
Sucrase

(µmol·g−1·d−1)

Alkaline
Phosphatase

(µmol·g−1·d−1)

Catalase
(mg·g−1·d−1)

2021
EE 283.87 ± 7.68 b 10.60 ± 0.54 c 4.32 ± 0.25 b 17.46 ± 0.67 b 8.24 ± 0.03 a 1.74 ± 0.03 a
ES 301.85 ± 9.59 a 13.92 ± 0.67 a 4.78 ± 0.06 a 20.29 ± 0.69 a 8.23 ± 0.02 a 1.57 ± 0.05 b
EF 296.02 ± 4.87 ab 12.79 ± 0.31 b 4.53 ± 0.27 ab 20.18 ± 0.57 a 8.21 ± 0.02 a 1.56 ± 0.05 b

2022
EE 302.71 ± 8.41 b 12.91 ± 0.69 b 4.66 ± 0.45 b 19.24 ± 0.60 b 8.19 ± 0.02 a 1.66 ± 0.02 a
ES 331.28 ± 2.67 a 15.64 ± 0.55 a 6.38 ± 0.31 a 21.58 ± 0.92 a 8.16 ± 0.02 a 1.50 ± 0.04 b
EF 324.28 ± 5.34 a 15.36 ± 0.38 a 6.48 ± 0.50 a 21.21 ± 0.84 a 8.17 ± 0.02 a 1.47 ± 0.04 b

Note: EE, monocropped E. frumentacea; ES, E. frumentacea in intercropping system with semi-wild soybeans; EF,
E. frumentacea in intercropping system with fodder soybeans. Different letters in the same column in the same
year indicate statistically significant differences based on Duncan’s test (p < 0.05).

3.7. Correlation Analyses among Hay Yields, pH, Total Water-Soluble Salt Content, AMF
Diversity, and Soil Enzyme Activities in Rhizosphere Soil of E. frumentacea

As shown in Figure 7, the hay yields per unit area of E. frumentacea were positively
correlated with urease, alkaline phosphatase, catalase, Chao1 index, and ACE index. Total
water-soluble salt content was negatively correlated with Shannon, Chao1, and ACE indices,
and positively correlated with Simpson index, and showed a trend of negative correlation
with hay yields. The content of total salts was negatively correlated with urease, sucrase,
and alkaline phosphatase. Urease was positively correlated with the Shannon, Chao1, and
ACE indices, and negatively correlated with the Simpson index. Sucrase was found to be
positively correlated with the Shannon and ACE indices and negatively correlated with
the Simpson index. Positive correlation was recorded between alkaline phosphatase and
Chao1 index. Catalase was positively related to the Shannon, Chao1, and ACE indices.
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4. Discussion
4.1. Intercropping Improves AMF Diversity in Rhizosphere Soil of E. frumentacea

Studies have shown that monoculture reduces the richness of AMF due to the ex-
tremely low diversity of plant hosts, which is unfavorable to the community composition
of AMF, leading to a decline in yield [28]. On the contrary, the increased plant diversity in
the intercropping system increases AMF colonization rate and spore number, resulting in a
high richness of AMF [29], which counteracts the negative impact of agricultural intensive
monoculture on AMF and provides a potential means to improve the function and sustain-
ability of agricultural ecosystems [30,31]. It has been proved that leguminous species in an
intercropping system increases the spore concentration of AMF in soil [32]. The presence of
leguminous plants increases rhizosphere nitrogen through different pathways, and AMF
can promote the direct transfer of nitrogen from leguminous plants to non-leguminous
plants through a mycelial network, which can promote the growth of non-leguminous
plants [33]. In this study, interplant treatments improved the diversity of AMF in the
rhizosphere soil of E. frumentacea. Meanwhile, the richness of AMF in the intercropping
system was about two times higher than that in single cultivation. We also found a positive
association between the hay yields of E. frumentacea and diversity of AMF. Our findings are
in agreement with the report mentioned above, in that the introduction of leguminous for-
ages into the monoculture system could improve AMF community composition favorable
for agricultural production. Intercropping is an effective way to promote the recovery of
AMF diversity and richness after long-term single cultivation by providing more diverse
plant hosts.

Studies have shown that Glomus is the dominant genus of AMF in saline–alkali
soil [34,35], because it has greater environmental adaptability and is more tolerant to
environmental changes due to its unique reproductive characteristics and high spore
rate [36,37]. Our results confirmed these reports, in which we found that Glomeraceae,
VTX00067, VTX000193, and VTX000165 were the most widely distributed species in the
saline–alkali soil of our experimental site, indicating that these four species may have a
higher level of adaptability to the saline–alkali environment.

4.2. Intercropping Improves Soil Enzyme Activities in the Rhizosphere of E. frumentacea

A multiple cropping system increases the total carbon input and the diversity of
compounds (namely glucose, cellulose, and protein) in the soil [38]. In addition, inter-
cropping can increase soil enzyme activity [39]. Organic nitrogen is the main state for
most nitrogen (>95%) in the soil, and organic nitrogen can only be absorbed by plants
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after it is transformed into inorganic nitrogen under the action of microorganisms and soil
enzyme [40]. Urease can promote ammoniation and urea hydrolysis of nitrogen in plant
rhizosphere soil, and promote the transformation of soil organic nitrogen [41]. Sucrase
and urease are the most important enzymes for carbon and nitrogen transformation in the
soil [42]. Dai et al. [43] showed that peanut and Atractylodes lancea intercropping signifi-
cantly improved the activities of sucrase and urease. Alkaline phosphatase can promote the
mineralization of soil organic phosphorus, which is positively correlated with the available
phosphorus content in the soil [44]. Intercropping can effectively increase the available
phosphorus content in crop rhizosphere [45]. Tiemann et al. [46], also reported that when
the cropping system was diversified, enzyme activities related to nitrogen and phosphorus
acquisition were higher.

Our results showed that there was a positive correlation between the hay yields of
E. frumentacea and the soil enzymes, indicating that soil enzyme activities could have a
beneficial effect on the yields of E. frumentacea. Intercropping improved urease activity in the
rhizosphere soil of E. frumentacea compared with monoculture, indicating that intercropping
may improve the nitrogen supply of E. frumentacea through urease. Intercropping with
leguminous grasses could significantly improve the activities of sucrase and urease in
the rhizosphere soil of E. frumentacea, indicating that intercropping is beneficial to soil
carbon and nitrogen cycles and improves soil nutrient supply. Intercropping promoted
the increase in alkaline phosphatase activity in the rhizosphere soil of E. frumentacea,
indicating that intercropping played a positive role in promoting the mineralization of
organic phosphorus in the rhizosphere soil of E. frumentacea and increased the utilization of
available phosphorus. The activity of catalase in soil is mainly affected by the number of
soil microorganisms [47]; in this study, increased activity of catalase in the rhizosphere of
E. frumentacea in the intercropping system compared with monoculture were observed. A
positive correlation between the diversity and richness of AMF and soil enzyme activities
has been observed in our study. Previous studies also showed that AMF improved the
soil quality by increasing the activity of soil enzyme such as urease and sucrase [48].
Together, intercropping with leguminous grasses enhances the soil enzyme activities, which
is beneficial to the transformation of soil nutrients and ultimately the yields of E. frumentacea.

4.3. Soil Salts Affect Hay Yields, AMF Diversity, and Soil Enzyme Activities

Studies have shown that soil salinity affects the species distribution and sporulation of
AMF, as well as the formation of mycorrhiza and colonization of hyphae [49]. The results
of this study showed that the community diversity of AMF was negatively correlated with
the content of total salts, suggesting that salt stress affects the community structure and
root colonization of AMF. Intercropping of E. frumentacea and leguminous grass reduces
soil salt content [15], which is beneficial to the composition and diversity of the AMF
community. Xie et al. [50] reported that there is negative association of soil enzyme activity
with the concentrations of Na+ and Cl− ions. Our results showed that the activities of soil
enzymes were negatively correlated with the content of total salts, which was consistent
with the previous report [51]. Intercropping with leguminous grass promoted the growth
of E. frumentacea, reduced the content of total salts, increased the amount of AMF and
root exudates and microbial activities, and finally improved the hay yield performance
of E. frumentacea.

5. Conclusions

Intercropping between E. frumentacea and leguminous forages in saline–alkali soil
arising from irrational irrigation and insufficient drainage significantly improved hay yields
of E. frumentacea, and enhanced the diversity and richness of the AMF community and soil
enzyme activities in E. frumentacea rhizosphere soil. There were positive correlations of
the hay yields per unit area of E. frumentacea with the diversity indices of AMF and soil
enzyme activities. Soil enzyme activities correlated with the Shannon, Chao1, and ACE
indices, and were negatively related to Simpson index of AMF. It can be concluded that
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intercropping is key to improving the diversity and richness of the AMF community and
the soil enzyme activity, and ultimately improve the yields of E. frumentacea. Intercropping
between E. frumentacea and leguminous forages is beneficial to the sustainable develop-
ment of agricultural ecosystem in saline–alkali soil arising from irrational irrigation and
inadequate drainage in irrigated regions in the world.

Author Contributions: Y.C. undertook the intercropping experiments, analyzed the data, wrote the
manuscript. X.X. supervised the study and revised the manuscript. Y.Z. and X.G. performed the
experiments and collected data. H.N. performed review and editing. L.Z. organized and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financed by the National Key Research & Development Program of
China (Project no. 2021YFD1900605), Agricultural Breeding Project of Ningxia Hui Autonomous
Region (Project no. 2019NYYZ0401), and the Key Research & Development Program of Ningxia Hui
Autonomous Region (Project no. 2022BEG02012).

Data Availability Statement: The datasets used and/or analyzed in this study are available from the
corresponding author on reasonable request.

Acknowledgments: We are grateful to the Ningxia Qianye Qing Agricultural Technology Co., Ltd.,
Shizuishan, China for providing land for the experiments.

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

References
1. Konler, J.; Caravaca, F.; Roldan, A. An AM fungus and a PGPR intensify the adverse effects of salinity on the stability of

rhizosphere soil aggregates of Lactuca sativa. Soil Biol. Biochem. 2010, 42, 429–434.
2. Cai, X.; Mckinner, D.C.; Rosegrant, M.W. Sustainability analysis for irrigation water management in the Aral Sea region. Agric.

Syst. 2003, 76, 1043–1066. [CrossRef]
3. Rengasamy, P. World salinization with emphasis on Australia. J. Exp. Bot. 2006, 57, 1017–1023. [CrossRef]
4. Qadir, M.; Oster, J.D.; Schubert, S.; Noble, A.D.; Sahrawat, K.L. Phytoremediation of sodic and saline-sodic soils. Adv. Agron.

2007, 96, 197–247.
5. Zahran, H.H. Diversity, adaptation and activity of the bacterial flora in saline environments. Biol. Fertil. Soils 1997, 25, 211–223. [CrossRef]
6. Li, J.; Pu, L.; Han, M.; Zhu, M.; Zhang, R.; Xiang, Y. Soil salinization research in China: Advances and prospects. J. Geogr. Sci.

2014, 24, 943–960. [CrossRef]
7. Zhu, L.; Wang, Z.; Mao, G.L.; Zhen, S.H.; Xu, X. Water uptake from different soil depths for halophytic shrubs grown in Northern

area of Ningxia plain (China) in contrasted water regimes. J. Plant Interact. 2014, 9, 26–34. [CrossRef]
8. Xiong, S.Y.; Xiong, Z.X.; Wang, P.W. Soil salinity in the irrigated area of the Yellow river in Ningxia, China. Arid Land Res. Manag.

1996, 10, 95–101.
9. Tang, C.; Yang, J.; Xie, W.; Yao, R.; Wang, X. Effect of biochar application on soil fertility, nitrogen use efficiency and balance in

coastal salt-affected soil under barley–maize rotation. Sustainability 2023, 15, 2893. [CrossRef]
10. Singh, K. Microbial and enzyme activities of saline and sodic soils. Land Degrad. Dev. 2015, 27, 706–718. [CrossRef]
11. Kursakova, V.S. The effect of perennial herbs on the physical properties of saline soils. Eurasian Soil Sci. 2006, 39, 748–752. [CrossRef]
12. Muldoon, D.K. The effect of photoperiod on the growth and development of Echinochloa spp. Millets. Aust. J. Exp. Agric. 1985, 25,

428–433. [CrossRef]
13. Yabuno, T. Japanese barnyard millet (Echinochloa utilis, Poaceae) in Japan. Econ. Bot. 1987, 41, 484–493. [CrossRef]
14. Wang, X.Q.; Xu, X.; Lu, A.Q.; Li, X.; Zhang, F. Cultivation of two barnyard varieties improves physicochemical properties of

saline-alkali land through mediating rhizospheric microbiome and metabolome. Agronomy 2022, 12, 1322. [CrossRef]
15. Cheng, Y.L.; Xie, X.W.; Wang, X.Q.; Zhu, L.; Qiu, Q.S.; Xu, X. Effects of the salt-tolerant gramineous forage echinochloa frumentacea

on biological improvement and crop productivity in saline–alkali land on the Hetao Ningxia plain in China. Sustainability 2023,
15, 5319. [CrossRef]

16. Reynolds, H.L.; Packer, A.; Bever, J.D.; Clay, K. Grassroots ecology: Plant-microbe-soil interactions as drivers of plant community
structure and dynamics. Ecology 2003, 84, 2281–2291. [CrossRef]

17. Chatzistathis, T.; Orfanoudakis, M.; Alifragis, D.; Therios, I. Colonization of Greek olive cultivars’ root system by arbuscular
mycorrhiza fungus: Root morphology, growth, and mineral nutrition of olive plants. Sci. Agric. 2013, 70, 185–194. [CrossRef]

18. Rillig, M.C.; Wright, S.F.; Eviner, V.T. The role of arbuscular mycorrhizal fungi and glomalin in soil aggregation: Comparing
effects of five plant species. Plant Soil 2002, 238, 325–333. [CrossRef]

19. Li, S.P.; Chen, P.Z.; Liu, H.F.; Hao, J.C.H.; Zhou, W.; Shi, L.J. Mechanism and Ecological Effects of Arbuscular Mycorrhizal Fungi
on Improving Salt Tolerance of Plants in Coastal Saline–alkaline Land. Ecol. Environ. Sci. 2019, 28, 411–418. (In Chinese)

https://doi.org/10.1016/S0308-521X(02)00028-8
https://doi.org/10.1093/jxb/erj108
https://doi.org/10.1007/s003740050306
https://doi.org/10.1007/s11442-014-1130-2
https://doi.org/10.1080/17429145.2012.751139
https://doi.org/10.3390/su15042893
https://doi.org/10.1002/ldr.2385
https://doi.org/10.1134/S1064229306070088
https://doi.org/10.1071/EA9850428
https://doi.org/10.1007/BF02908141
https://doi.org/10.3390/agronomy12061322
https://doi.org/10.3390/su15065319
https://doi.org/10.1890/02-0298
https://doi.org/10.1590/S0103-90162013000300007
https://doi.org/10.1023/A:1014483303813


Agronomy 2023, 13, 2356 12 of 13

20. Chandrasekaran, M.; Boughattas, S.; Hu, S.; Oh, S.H.; Sa, T. A meta-analysis of arbuscular mycorrhizal effects on plants grown
under salt stress. Mycorrhiza 2014, 24, 611–625. [CrossRef]

21. Evelin, H.; Kapoor, R.; Giri, B. Arbuscular mycorrhizal fungi in alleviation of salt stress: A review. Ann. Bot. 2009, 104,
1263–1280. [CrossRef]

22. AL-karaki, G.N. Growth of mycorrhizal tomato and mineral acquisition under salt stress. Mycorrhiza 2000, 10, 51–54. [CrossRef]
23. Qiu, Y.J.; Zhang, N.L.; Zhang, L.L.; Zhang, X.L.; Wu, A.P.; Huang, J.Y.; Yu, S.Q.; Wang, Y.H. Mediation of arbuscular mycorrhizal

fungi on growth and biochemical parameters of Ligustrum vicaryi in response to salinity. Physiol. Mol. Plant Pathol. 2020,
112, 101522. [CrossRef]

24. Bainard, L.D.; Koch, A.M.; Gordon, A.M.; Klironomos, J.N. Temporal and compositional differences of arbuscular mycorrhizal fungal
communities in conventional monocropping and tree-based intercropping systems. Soil Biol. Biochem. 2012, 45, 172–180. [CrossRef]

25. Liu, X.; Meng, L.; Yin, T.; Wang, X.; Zhang, S.; Cheng, Z.; Ogundeji, A.O.; Li, S. Maize/soybean intercrop over time has
higher yield stability relative to matched monoculture under different nitrogen-application rates. Field Crops Res. 2023,
301, 109015. [CrossRef]

26. Lithourgidis, A.S.; Vlachostergios, D.N.; Dordas, C.A.; Damalas, C.A. Dry matter yield, nitrogen content, and competition in
pea–cereal intercropping systems. Eur. J. Agron. 2011, 34, 287–294. [CrossRef]

27. Salazar, S.; Sanchez, L.E.; Alvarez, J.; Valverde, A.; Galindo, P.; Igual, J.M.; Peix, A.; Santa-Regina, I. Correlation among soil
enzyme activities under different forest system management practices. Ecol. Eng. 2011, 37, 1123–1131. [CrossRef]

28. Johnson, N.C.; Copeland, P.J.; Crookston, R.K.; Pfleger, F.L. Mycorrhizae: Possible explanation for yield decline with continuous
corn and soybean. Agron. J. 1992, 84, 387–390. [CrossRef]

29. Muleta, D.; Assefa, F.; Nemomissa, S.; Granhall, U. Composition of coffee shade tree species and density of indigenous
arbuscular mycorrhizal fungi (AMF) spores in Bonga natural coffee forest, southwestern Ethiopia. For. Ecol. Manag. 2007, 241,
145–154. [CrossRef]

30. Chifflot, V.; Rivest, D.; Olivier, A.; Cogliastro, A.; Khasa, D. Molecular analysis of arbuscular mycorrhizal community structure
and spores distribution in tree-based intercropping and forest systems. Agric. Ecosyst. Environ. 2009, 131, 32–39. [CrossRef]

31. Guzman, A.; Montes, M.; Hutchins, L.; DeLaCerda, G.; Yang, P.; Kakouridis, A.; Dahlquist-Willard, R.M.; Firestone, M.K.; Bowles,
T.; Kremen, C. Crop diversity enriches arbuscular mycorrhizal fungal communities in an intensive agricultural landscape. New
Phytol. 2021, 231, 447–459. [CrossRef]

32. Bonfim, J.A.; Vasconcellos, R.L.F.; Gumiere, T.; Mescolotti, D.D.L.C.; Oehl, F.; Cardoso, E.J.B.N. Diversity of arbuscular mycorrhizal
fungi in a brazilian atlantic forest toposequence. Microb. Ecol. 2016, 71, 164–177. [CrossRef]

33. Ingraffia, R.; Giambalvo, D.; Frenda, A.S.; Roma, E.; Ruisi, P.; Amato, G. Mycorrhizae differentially influence the transfer of
nitrogen among associated plants and their competitive relationships. Appl. Soil Ecol. 2021, 168, 104127. [CrossRef]

34. Wang, F.Y.; Liu, R.J.; Lin, X.G.; Zhou, J.M. Arbuscular mycorrhizal status of wild plants in saline-alkaline soils of the Yellow River
Delta. Mycorrhiza 2004, 14, 133–137.

35. Zhou, Y.; Liu, Y.; Zhao, W.; Chen, F.; Wang, Y.; Yang, C. Isolation and species diversity of arbuscular mycorrhizal fungi in the
rhizosphere of Puccinellia tenuiflora of Songnen saline-alkaline grassland, China. Biocell 2022, 46, 2465–2474. [CrossRef]

36. Oehl, F.; Sieverding, E.; Ineichen, K.; Mader, P.; Boller, T.; Wiemken, A. Impact of land use intensity on the species diversity of
arbuscular mycorrhizal fungi in agroecosystems of central europe. Appl. Environ. Microbiol. 2003, 69, 2816–2824. [CrossRef]

37. Brito, I.; Goss, M.J.; Carvalho, M.D.; Chatagnier, O.; Tuinen, D.V. Impact of tillage system on arbuscular mycorrhiza fungal
communities in the soil under Mediterranean conditions. Soil Tillage Res. 2012, 121, 63–67. [CrossRef]

38. Curtright, A.J.; Tiemann, L.K. Intercropping increases soil extracellular enzyme activity: A meta-analysis. Agric. Ecosyst. Environ.
2021, 319, 107489. [CrossRef]

39. Gong, X.; Liu, C.; Li, J.; Luo, Y.; Yang, Q.; Zhang, W.; Yang, P.; Feng, B. Responses of rhizosphere soil properties, enzyme activities
and microbial diversity to intercropping patterns on the Loess Plateau of China. Soil Tillage Res. 2019, 195, 104355. [CrossRef]

40. Akter, M.; Deroo, H.; Grave, E.D.; Alboom, T.V.; Kader, M.A.; Pierreux, S.; Begum, M.A.; Boeckx, P.; Sleutel, S. Link between
paddy soil mineral nitrogen release and iron and manganese reduction examined in a rice pot growth experiment. Geoderma 2018,
326, 9–21. [CrossRef]

41. Xu, C.; Xiao, D.; Song, C.; Chu, G.; Liu, Y.; Zhang, X.; Wang, D. Changes in the activities of key enzymes and the abundance of
functional genes involved in nitrogen transformation in rice rhizosphere soil under different aerated conditions. J. Integr. Agric.
2023, 22, 923–934. [CrossRef]

42. Eivazi, F.; Bayan, M.R. Effects of long-term prescribed burning on the activity of select soil enzymes in an oak hickory forest. Can.
J. For. Res. 1996, 26, 1799–1804. [CrossRef]

43. Dai, C.; Chen, Y.; Wang, X.; Li, P.D. Effects of intercropping of peanut with the medicinal plant Atractylodes lancea on soil
microecology and peanut yield in subtropical China. Agrofor. Syst. 2013, 87, 417–426. [CrossRef]

44. Xu, L.; Cao, H.; Li, C.; Wang, C.; He, N.; Hu, S.; Yao, M.; Wang, C.; Wang, J.; Zhou, S.; et al. The importance of rare versus
abundant phoD-harboring subcommunities in driving soil alkaline phosphatase activity and available P content in Chinese
steppe ecosystems. Soil Biol. Biochem. 2022, 164, 108491. [CrossRef]

45. Ma, H.; Zhou, J.; Ge, J.; Nie, J.; Zhao, J.; Xue, Z.; Hu, Y.; Yang, Y.; Peixoto, L.; Zang, H.; et al. Intercropping improves soil ecosystem
multifunctionality through enhanced available nutrients but depends on regional factors. Plant Soil 2022, 480, 71–84. [CrossRef]

https://doi.org/10.1007/s00572-014-0582-7
https://doi.org/10.1093/aob/mcp251
https://doi.org/10.1007/s005720000055
https://doi.org/10.1016/j.pmpp.2020.101522
https://doi.org/10.1016/j.soilbio.2011.10.008
https://doi.org/10.1016/j.fcr.2023.109015
https://doi.org/10.1016/j.eja.2011.02.007
https://doi.org/10.1016/j.ecoleng.2011.02.007
https://doi.org/10.2134/agronj1992.00021962008400030007x
https://doi.org/10.1016/j.foreco.2007.01.021
https://doi.org/10.1016/j.agee.2008.11.010
https://doi.org/10.1111/nph.17306
https://doi.org/10.1007/s00248-015-0661-0
https://doi.org/10.1016/j.apsoil.2021.104127
https://doi.org/10.32604/biocell.2022.021016
https://doi.org/10.1128/AEM.69.5.2816-2824.2003
https://doi.org/10.1016/j.still.2012.01.012
https://doi.org/10.1016/j.agee.2021.107489
https://doi.org/10.1016/j.still.2019.104355
https://doi.org/10.1016/j.geoderma.2018.04.002
https://doi.org/10.1016/j.jia.2022.08.036
https://doi.org/10.1139/x26-204
https://doi.org/10.1007/s10457-012-9563-z
https://doi.org/10.1016/j.soilbio.2021.108491
https://doi.org/10.1007/s11104-022-05554-7


Agronomy 2023, 13, 2356 13 of 13

46. Tiemann, L.K.; Grandy, A.S.; Atkinson, E.E.; Marin-Spiotta, E.; McDaniel, M.D. Crop rotational diversity enhances belowground
communities and functions in an agroecosystem. Ecol. Lett. 2015, 18, 761–771. [CrossRef]

47. Zhao, Y.; Liu, X.; Wu, Y.; Tong, C. Rhizosphere soil nutrients, enzyme activities and microbial community characteristics in
legume-cereal intercropping system in Northwest China. J. Desert Res. 2020, 40, 219–228. (In Chinese)

48. Xun, F.; Xie, B.; Liu, S.; Guo, C. Effect of plant growth-promoting bacteria (PGPR) and arbuscular mycorrhizal fungi (AMF)
inoculation on oats in saline-alkali soil contaminated by petroleum to enhance phytoremediation. Environ. Sci. Pollut. Res. 2015,
22, 598–608. [CrossRef]

49. Yang, R.; Qin, Z.F.; Wang, J.J.; Xu, S.; Zhao, W.; Zhang, X.X.; Huang, Z.Y. Salinity changes root occupancy by arbuscular
mycorrhizal fungal species. Pedobiologia 2020, 81, 150665. [CrossRef]

50. Xie, X.; Pu, L.; Wang, Q.; Zhu, M.; Xu, Y.; Zhang, M. Response of soil physicochemical properties and enzyme activities to
long-term reclamation of coastal saline soil, Eastern China. Sci. Total Environ. 2017, 607, 1419–1427. [CrossRef]

51. Liu, C.; Xu, J.; Ding, N.; Fu, Q.; Guo, B.; Lin, Y.; Li, H.; Li, N. The effect of long-term reclamation on enzyme activities and
microbial community structure of saline soil at Shangyu, China. Environ. Earth Sci. 2013, 69, 151–159. [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/10.1111/ele.12453
https://doi.org/10.1007/s11356-014-3396-4
https://doi.org/10.1016/j.pedobi.2020.150665
https://doi.org/10.1016/j.scitotenv.2017.05.185
https://doi.org/10.1007/s12665-012-1943-1

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Background of the Experimental Site 
	Experimental Designings 
	Soil Sample Collection and Determination of Plant Yields 
	AMF Diversity Detection Method 
	Determination of Soil Enzyme, pH and Total Salts 
	Statistical Analysis 

	Results 
	Hay Yields per Unit Area of E. frumentacea under Different Intercropping Treatments 
	Venn Diagram of AMF OTU Distributions in Different Treatments 
	Diversity of AMF in Rhizosphere Soil of E. frumentacea in Different Treatments 
	Community Compositions of AMF in Rhizosphere Soil of E. frumentacea under Different Treatments 
	Beta Diversity Analysis of AMF in Rhizosphere Soil of E. frumentacea in Different Treatments 
	Analysis of Soil Enzyme Activities, pH, Total Water-Soluble Salt under Different Treatments 
	Correlation Analyses among Hay Yields, pH, Total Water-Soluble Salt Content, AMF Diversity, and Soil Enzyme Activities in Rhizosphere Soil of E. frumentacea 

	Discussion 
	Intercropping Improves AMF Diversity in Rhizosphere Soil of E. frumentacea 
	Intercropping Improves Soil Enzyme Activities in the Rhizosphere of E. frumentacea 
	Soil Salts Affect Hay Yields, AMF Diversity, and Soil Enzyme Activities 

	Conclusions 
	References

