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Abstract: Arbuscular mycorrhizal fungi (AMF) are widely present in heavy metal-polluted soils,
but their effects on straw degradation and plant growth of rotated crops are poorly understood. In
this study, a pot experiment was used to simulate the return of fore-rotating crop (Brassica napus L.)
straw to farmland with a subsequent planting of maize in a lead–zinc mining area on the Yunnan
Plateau, Southwest China, which included four treatments: control (CK), addition of rape straw (SR),
inoculation of AMF (AMF), and both AMF inoculation and straw addition (AMF + SR). The effects of
AMF on the degradation and nutrient release of the fore-rotating rape straw and the growth, mineral
nutrition and the cadmium (Cd) and lead (Pb) contents of the subsequent maize were investigated.
Compared with the CK treatment, AMF significantly promoted the degradation of rape straw and
the release of mineral nutrients (nitrogen, phosphorus and potassium) as well as the Cd and Pb,
increased the content of available nutrients in soil, and improved the mineral nutrient contents in the
maize. AMF + SR significantly increased the maize height and biomass by 32–35% and decreased the
available Cd and Pb contents in soil and the Cd and Pb contents in the maize by 20–30% and 18–25%,
respectively. Moreover, the available Cd and Pb contents in the soil presented significant positive
correlations with their contents in the maize but negative correlations with the height and biomass of
the maize. Thus, AMF played an important regulatory role in the nutrient cycling and heavy metal
accumulation of the crop rotation.

Keywords: arbuscular mycorrhizal fungi; rape/maize rotation; straw incorporation; mineral nutrition;
heavy metal uptake

1. Introduction

The rapid development of industry and agriculture has led to serious heavy metal
pollution in soils in mining areas, among which cadmium (Cd) and lead (Pb) pollution in
soil, which seriously affects crop yield and quality, are more serious [1,2]. When crops are
planted in heavy metal-polluted soil, the heavy metal content of crop straw is generally
high. However, crop straws are used for straw return to the field due to their rich nitrogen,
phosphorus, potassium, and other mineral nutrient contents [3,4]. The decomposition of
crop straw by soil microorganisms can release these nutrients for use by later crops, which
is of great significance for balancing soil nutrients, effectively promoting the growth of later
crops and improving their yield [5,6].

Arbuscular mycorrhizal fungi (AMF) are closely related to plants in soil and can form
beneficial symbiosis with the roots of most crops, even in the presence of heavy metal
pollution [7,8]. Researchers have found that AMF can form a huge extrinsic mycelium
network between the same or different plant roots that can improve soil available nutrients
and increase the absorption of mineral nutrients by plants [9]. It can reduce the availability
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of heavy metals in soil and reduce the toxic effect of heavy metals on plants [10]. Many
studies have shown that AMF can accelerate the degradation of crop straw, promote the
conversion of soil nutrients, improve the growth and development of crops under adverse
conditions, and thus improve crop yield and quality [11,12]. Therefore, AMF can accelerate
the degradation of the previous crop straw and release mineral nutrients, improve the soil
nutrient content, and promote the absorption of mineral nutrients and crop growth of the
later crop.

The Huize lead–zinc mine in the capital of Yunnan Province is located in Southwest
China, where rapeseed maize rotation is a common cropping pattern around this lead–zinc
mine [13]. Considering the sustainable development of the ecological environment, it is
necessary to do a good job in the follow-up treatment of a large amount of rape straw with
respect to the heavy metal pollution of the soil around the lead–zinc mines [14,15]. In terms
of agricultural treatment, straw compost is mainly degraded and returned to the field as
fertilizer [16–18]. However, the effects of AMF on the degradation of heavy metal-polluted
straw, the release of heavy metals and nutrients in rapeseed maize rotation systems have
rarely been reported and needs further exploration.

The study presented in this paper mainly considered the heavy metal pollution of soil
in mining areas and the treatment of rape straw. Therefore, the Cd- and Pb-polluted soil in
the farmland surrounding the Huize lead–zinc mine in Yunnan Province was selected as
the test soil, and the previous crop rape straw was used as the research material to carry
out the pot experiment of adding rape straw and AMF. This work studied the effects of
AMF on the degradation of rape straw and the release of mineral nutrients in the previous
crop and on the growth, mineral nutrition, and plant Cd and Pb contents in the later crop
maize. The aim was to clarify the ecological function of AMF in regulating the mineral
nutrition and plant Cd and Pb contents in the rotation system of polluted farmland and to
provide a theoretical basis for improving the soil fertility of polluted farmland and reducing
the absorption of Cd and Pb by crops. We hypothesized that AMF could promote the
degradation and nutrient release of previous crop rape straw and improve the available soil
nutrients. It can promote the growth of the later maize crop and reduce the maize contents
of Cd and Pb. These are closely related to the degradation of the previous crop rape straw,
its mineral nutrients, and the release of Cd and Pb.

2. Materials and Methods
2.1. Test Materials

The tested soil type was mountainous red soil, which was taken from farmland
(26◦34′29′′ N, 103◦37′17′′ E) polluted by heavy metals in the lead–zinc mining area of Huize
County, Yunnan Province. The soil was dried naturally, crushed, ground, and passed
through a nylon screen with 2 mm apertures. The soil was put into a high-pressure steam
sterilization pot and kept at 121 ◦C for 2 h. After natural cooling, the soil was held for
3 days prior to use. The basic physical and chemical properties of the soil are shown in
Table 1.

Table 1. Soil Basic physical and chemical properties.

pH
Organic Matter

Content
(g/kg)

Available
Nitrogen

Content (mg/kg)

Available
Phosphorus

Content (mg/kg)

Available
Potassium

Content (mg/kg)

Cadmium
Content
(mg/kg)

Lead Content
(mg/kg)

5.74 28.12 35.04 19.72 125.07 4.51 268.89

The test crop was maize (Zea mays L.), with the maize variety Huidan No. 4. Intact
maize seeds of the same size were selected and soaked in 75% ethanol for 1 min and 10%
sodium hypochlorite for 15 min for surface disinfection, washed with clean sterile water,
moved into sterilized petri dishes with wet filter paper, placed in a constant temperature
incubator at 28 ◦C for 3 days, and planted after the seeds were exposed to white light.
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Funneliformis mosseae was selected as the primary fungus, and it was provided by the
Institute of Plant Nutrition and Resources, Beijing Academy of Agriculture and Forestry
Sciences. Inoculants containing spores, mycelium, root segments, and culture substrate,
with approximately 20–30 spores per gram of inoculants, were obtained by propagating
the fungi on potted maize.

Preparation of test straw: rape straw from around the mining area was selected. In
order to better mix with soil and obtain degradation results of rape straw in a shorter period
of time, rape straw was rinsed with deionized water, dried, ground, and screened to obtain
a 0.5–2 mm particle size powder. Approximately 2.0 g of rape straw powder (weighed to
0.0001 g) was sealed in a 9 cm × 5 cm nylon mesh bag with a mesh diameter of 0.2 mm.
The contents of total nitrogen, total phosphorus, and total potassium in the rape straw were
2.23%, 0.15%, and 0.75%, respectively, and the total Cd and Pb contents were 1.63 mg/kg
and 5.76 mg/kg, respectively.

2.2. Rape Straw Degradation Test

The device used was a four-compartment partition system, which is an improved
version of the test device of Peng et al. [19]. This device was made of 3 mm thick plexiglass,
and each room was 10 cm long, 5 cm wide, and 15 cm high. The mycorrhizal compartment
and the root compartment were separated by a plexiglass partition 14 cm long and 10 cm
wide, with the rest of the compartments separated by a nylon mesh with a mesh diameter
of 37.4 µm. The pore size of the nylon mesh is required to allow mycelium and solution to
penetrate, while retaining the root system.

A total of 15 container devices were used in the experiment. In each device, straw
was added to the mycorrhizal chamber and AMF (AMF + SR) was inoculated, while straw
(CK) was added to the root chamber. Then, 4 kg of sterilized soil was placed into each
container. First, 0.3 kg sterilized soil per chamber was placed on the bottom of the fourth
chamber, and then the nylon mesh bags containing rape straw were placed vertically on
the closed position of the fourth chamber. Then, 30 g of AMF inoculum was added to the
mycorrhizal chamber and 30 g of AMF bactericidal agent was added to the root chamber.
Each maize root was divided into two parts and placed in the mycorrhizal chamber and
the root chamber. Two maize seeds were planted in each container and covered with
0.2 kg sterilized soil. During the experiment, deionized water was used to irrigate the
soil according to its moisture condition, and no chemical fertilizers or pesticides were
applied during the experiment. At 20, 30, 40, 50, and 60 days after planting, 3 containers
were randomly selected to collect plant and soil samples, and the contents of rape straw
nutrients, Cd, and Pb in nylon mesh bags were determined.

2.3. Pot Experiment of Rape Straw Addition and AMF Inoculation

There were four treatments: control (CK), addition of rape straw (SR), addition of
AMF (AMF), and addition of both AMF and straw (AMF + SR). Each treatment contained
4 replicates and a total of 16 pots were planted. The soil volume of each basin was 3 kg.
For the AMF treatment, 2.5 kg of sterilized soil was first placed into the basin and 100 g
of AMF inoculum was then added to the sterilized soil; however, the treatment without
AMF inoculation was the addition of equal amounts of sterilized AMF bactericidal agent,
all put into 3 seeds of germinated maize seeds, with 0.5 kg of sterilized soil used to cover
the inoculum and seeds. The weight ratio of straw to soil used was 1:20 and it was evenly
mixed. No pesticides or chemical fertilizers were applied during the entire test process and
deionized water was applied according to the soil moisture conditions. Then, 60 days after
planting, plant and soil samples were collected to determine their index values.

2.4. Determination of Maize Height Biomass, Rape Straw Degradation, and Mineral
Element Release

After 60 days of planting, the heights of maize plants were measured with a ruler,
and the maize plants were split into shoots and roots, washed with deionized water, and
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part of the fresh root samples were saved to determine the AMF colonization rate. The
remaining parts were firstly oven dried at 105 ◦C for 30 min and then dried at 75 ◦C to
constant weight, weighed as biomass, ground, and screened for use.

The weight and content of each nylon mesh bag were determined separately. Straw
degradation amount = B0 − Bt and straw nutrients and cadmium and lead release amounts =
B0 × initial content − Bt × residual content, where B0 is the initial weight of straw and Bt
is the residual weight of straw [20].

2.5. Determination of the AMF Colonization Rate, Number of Soil Spores, and Content of
Glomalin-Related Soil Protein

After 60 days of maize growth, the root colonization rate and the number of spores in
the rhizosphere soil were measured. Part of the new fine roots were selected and the roots
were cut into 1 cm root segments. The roots were soaked in a 10% potassium hydroxide
(KOH) solution in a constant temperature water bath (90 ◦C) for 30 min until transparent,
washed with sterile water, acidified with 2% hydrochloric acid (HCl) for 3–5 min, washed
with sterile water again, and stained with an acidic fuchsin staining solution (0.01%) for
30 min. Mycelium colonization was observed under a light microscope after decolorization,
and the formula to calculate the AMF colonization rate (%) is the number of colonized root
segments divided by the total number of root segments multiplied by 100% [21].

The AMF spore count was determined by the wet sieve dump method: 10 g of a
naturally air-dried rhizosphere soil sample was put into a beaker, then 100 mL distilled
water was added, stirred clockwise for 2 min, and then left standing for 10 min. The
suspension was poured into a centrifuge tube and centrifuged at 3000 r/min for 5 min.
The supernatant was taken, added to a 45% sucrose solution, and then centrifuged at
3000 r/min for 5 min, with the supernatant withdrawn and filtered onto filter paper. The
number of AMF spores was observed and counted under a microscope [22].

The rhizosphere soil samples were collected by the shaking root method, dried, and
then passed through 1.00 and 0.15 mm sieves. Determination of glomalin-related soil pro-
tein (GRSP) content: an amount of 1 g of the naturally air-dried rhizosphere soil sample was
extracted with 50 mol/L sodium citrate buffer (pH 8.0) for 60 min under extraction condi-
tions of 0.11 MPa and 121 ◦C and then centrifuged at 835× g for 5 min to obtain the GRSP so-
lution. The content of GRSP in the supernatant was determined by the Braford method [23].

2.6. Determination of the Nutrient, Cadmium, and Lead Contents in the Maize

Determination of the nitrogen (N), phosphorus (P), and potassium (K) contents of
maize straw: dried plant samples were ground and passed through a 100 mesh sieve, 0.1 g
powder was weighed in a 100 mL triangular bottle, 5 mL sulfuric acid (H2SO4) was added
to soak overnight, and then 10 drops of hydrogen peroxide (H2O2) were added to digest.
During the digesting process, the temperature was continuously raised (280–400 ◦C) until
the liquid was digested transparent or colorless and then filtered to a constant volume.
The contents of N, P, and K in plants were determined by Kjeldahl nitrogen determination,
the vanadium–molybdenum yellow colorimetric method, and flame spectrophotometry,
respectively. Determination of the Cd and Pb contents of the maize: a 0.1 g dried powder
sample was weighed and digested with nitric acid (HNO3)-H2O2 mixture (160 ◦C for
4 h), and the filtrate was diluted to 50 mL and the contents determined by flame atomic
absorption spectrophotometry [24].

2.7. Determination of the Physical and Chemical Properties of the Rhizosphere Soil

The rhizosphere soil samples were collected by shaking the root method, dried, and
ground by natural air and passed through 1.00 and 0.15 mm screens. The alkali-hydrolyzed
nitrogen content was determined by the alkali-hydrolyzed diffusion method. The content of
available phosphorus was determined by the 0.5 mol/L sodium bicarbonate–molybdenum–
antimony resistance colorimetric method. The content of available potassium was deter-
mined by 1 mol/L ammonium acetate (CH3COONH4) extraction and flame spectropho-
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tometry. The contents of the available Cd and Pb in the rhizosphere soil were determined by
diethylenetriaminepentaacetic acid (DTPA)–triethanolamine (TEA) extraction and atomic
absorption spectrophotometry [24].

2.8. Data Processing and Statistical Analysis

The test data were the mean values of 3 replicates. Microsoft Excel 2010 was used to
process the data, and the mean values and standard deviations were calculated, which were
expressed as the mean ± standard deviation. SPSS 23.0 and the Student—Newman—Keuls
(SNK) test were used to test the significance of the data at the level of p < 0.05, and ANOVA
two-factor analysis of variance was used to test the significance of AMF, straw addition,
and their interactions. OriginPro 9.0 was used for charting.

3. Results
3.1. The Colonization Characteristics of AMF in Maize Roots

As shown in Table 2, no mycorrhizal colonization or number of spores were detected
in the CK and SR (without AMF) treatments. Under the AMF and AMF + SR treatments,
the root colonization rates were 48.53% and 50.30%, and the numbers of spores per gram
of soil were 44.50 and 50.71, respectively, with the number of spores under AMF + SR
treatment significantly higher than that under AMF inoculation alone. In conclusion, AMF
can form an effective symbiotic relationship with maize roots and AMF + SR treatment can
significantly promote spore formation.

Table 2. Effects of straw addition and AMF on colonization rate in maize root and its spore number.
AMF—treatment of AMF inoculation; AMF + SR—treatment of addition straw and AMF inoculation;
different lowercase letters indicate significant differences among treatments (p < 0.05).

Treatment Colonization Rate (%) Spore Number (n/g)

AMF 48.53 ± 5.93 a 44.50 ± 3.58 b

AMF + SR 50.30 ± 1.67 a 50.71 ± 3.58 a

Compared with CK, both AMF and AMF + SR treatments significantly increased the
content of soil glomalin-related protein (GRSP) by 95% and 104%, respectively, but there
was no significant difference between the two treatments. The SR treatment increased the
GRSP content in soil, but the effect was not significant. Two-factor analysis of variance
showed that AMF had a very significant effect on the soil GRSP content and straw addition
had a significant effect on the soil GRSP content, but the interaction between the two factors
was not significant (Figure 1). Therefore, both AMF and straw addition can increase the
GRSP content in soil.
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Figure 1. Effects of straw addition and AMF on soil glomalin-related protein. CK—control; SR—
treatment of rape straw addition; AMF—treatment of AMF inoculation; AMF + SR—treatment of
addition straw and AMF inoculation; different lowercase letters indicate significant differences among
treatments (p < 0.05). “ns”, “*”, and “**” indicate not significant, p < 0.05, and p < 0.01 according to
two-way ANOVA, respectively.
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3.2. Effects of AMF on the Degradation of Rape Straw and Release of Mineral Elements

As shown in Figure 2, the amounts of rape straw degradation and the amounts of
mineral elements released into the soil increased with the extension of cultivation days.
At the 20th, 30th, 40th, and 60th days, compared with the CK control, the rape straw
degradation amounts increased by 13–14% with AMF (Figure 2A). The contents of N
(Figure 2B), P (Figure 2C), and K (Figure 2D) in rape straw increased by 13–14%. The Cd
(Figure 2E) and Pb (Figure 2F) releases of rape straw increased by 11–13% and 13–14%,
respectively. In conclusion, AMF can promote the degradation of rape straw and the release
of mineral elements to different degrees.
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Figure 2. Effects of AMF on rape straw degradation and mineral element release. (A): rape straw
degradation amount with and without AMF inoculation; (B): N release amount with and without
AMF inoculation; (C): P release amount with and without AMF inoculation; (D): K release amount
with and without AMF inoculation; (E): Cd release amount with and without AMF inoculation;
(F): Pb release amount with and without AMF inoculation. CK—control; AMF—treatment of AMF
inoculation. “*” indicate significant difference among treatments for the same culture days (p < 0.05).

3.3. Effects of Rape Straw Addition and AMF on Available Nutrient Content in Soil

As shown in Figure 3, compared with CK, the SR, AMF, and AMF + SR treatments
increased the content of nitrogen, phosphorus, and potassium of available nutrients in the
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soil rhizosphere to varying degrees, and the contents of alkali-hydrolyzed nitrogen signifi-
cantly increased by 3%, 8%, and 15%, respectively (Figure 3A). The contents of available
phosphorus were significantly increased by 3%, 12%, and 14%, respectively (Figure 3B). The
available potassium contents were significantly increased by 8%, 23%, and 24%, respectively
(Figure 3C). In conclusion, the AMF + SR treatment significantly increased the contents of
soil alkali-hydrolyzed nitrogen, available phosphorus, and available potassium compared
with the other treatments. Two-factor analysis of variance showed that the addition of
AMF and rape straw had significant effects on the soil available nitrogen, phosphorus, and
potassium contents, but the interaction between the factors did not reach a significant level.
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AMF+SR—treatment of addition straw and AMF inoculation. Different lowercase letters indicate 
significant differences among treatments (p < 0.05). “ns” and “**” indicate not significant and p < 
0.01 according to two-way ANOVA, respectively. 

3.4. Effects of Rape Straw Addition and AMF on Available Cadmium and Lead Contents in  
the Soil 

As shown in Figure 4, compared with CK, the AMF and AMF+SR treatments sig-
nificantly reduced the contents of available Cd and Pb in the soil, with the contents of 
effective Cd reduced by 19% and 20%, respectively (Figure 4A), and the contents of ef-

Figure 3. Effects of adding rape straw and AMF on soil available nutrient content. (A): effects
of adding rape straw and AMF on soil available N content; (B): effects of adding rape straw and
AMF on soil available P content; (C): effects of adding rape straw and AMF on soil available K
content. CK—control; SR—treatment of rape straw addition; AMF—treatment of AMF inoculation;
AMF + SR—treatment of addition straw and AMF inoculation. Different lowercase letters indicate
significant differences among treatments (p < 0.05). “ns” and “**” indicate not significant and p < 0.01
according to two-way ANOVA, respectively.

3.4. Effects of Rape Straw Addition and AMF on Available Cadmium and Lead Contents in the Soil

As shown in Figure 4, compared with CK, the AMF and AMF + SR treatments signifi-
cantly reduced the contents of available Cd and Pb in the soil, with the contents of effective
Cd reduced by 19% and 20%, respectively (Figure 4A), and the contents of effective Pb
reduced by 27% and 30%, respectively (Figure 4B), but there was no significant difference
between the two treatments. Two-factor analysis of variance showed that AMF had a very
significant effect on available Cd and Pb in the soil, but the addition of rape straw had no
significant effect, and the interaction between the two factors was not significant. Therefore,
the decrease in available Cd and Pb content in soil was caused by AMF.
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Figure 5. Effects of adding rape straw and AMF on maize height and biomass. (A): effects of add-
ing rape straw and AMF on maize height; (B): effects of adding rape straw and AMF on maize 
biomass in the shoot and root. CK—control; SR—treatment of rape straw addition; 
AMF—treatment of AMF inoculation; AMF+SR—treatment of addition straw and AMF inocula-

Figure 4. Effects of adding rape straw and AMF on soil available cadmium and lead content.
(A): effects of adding rape straw and AMF on soil available Cd content; (B): effects of adding rape
straw and AMF on soil available Pb content. CK—control; SR—treatment of rape straw addition;
AMF—treatment of AMF inoculation; AMF + SR—treatment of addition straw and AMF inoculation.
Different lowercase letters indicate significant differences among treatments (p < 0.05). “ns” and “**”
indicate not significant and p < 0.01 according to two-way ANOVA, respectively.

3.5. Effects of Rape Straw Addition and AMF on Maize Height and Biomass

Compared with the CK treatment, the AMF and AMF + SR treatments significantly
increased maize plant heights and biomass amounts, including 32% and 35% in the plant
height, 31% and 32% in the shoot biomass, and 34% and 33% in the root biomass, respec-
tively. There was no significant difference in the effects of the two treatments on plant
height and biomass values. Two-factor analysis of variance showed that AMF had ex-
tremely significant effects on the plant height and shoot and root biomass values of the
maize, but the addition of rape straw had no significant effects on the plant height and
shoot and root biomass values of the maize, and the interaction between the addition of
AMF and straw was not significant (Figure 5). Thus, the good growth of maize plants was
mainly caused by AMF.
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Figure 5. Effects of adding rape straw and AMF on maize height and biomass. (A): effects of add-
ing rape straw and AMF on maize height; (B): effects of adding rape straw and AMF on maize 
biomass in the shoot and root. CK—control; SR—treatment of rape straw addition; 
AMF—treatment of AMF inoculation; AMF+SR—treatment of addition straw and AMF inocula-

Figure 5. Effects of adding rape straw and AMF on maize height and biomass. (A): effects of adding
rape straw and AMF on maize height; (B): effects of adding rape straw and AMF on maize biomass
in the shoot and root. CK—control; SR—treatment of rape straw addition; AMF—treatment of AMF
inoculation; AMF + SR—treatment of addition straw and AMF inoculation. Different lowercase letters
indicate significant differences among treatments (p < 0.05). “ns” and “**” indicate not significant
and p < 0.01 according to two-way ANOVA, respectively.

3.6. Effects of Rape Straw Addition and AMF on Nutrient Content in Maize

Compared with CK, the SR treatment significantly increased the potassium content in
the maize shoots and roots by 4% and 8%, respectively. AMF and AMF + SR significantly
increased the contents of nitrogen, phosphorus, and potassium in the shoots and roots
of maize by 9% to 27%, and the effect of the AMF + SR treatment was better than that of
the AMF treatment (Table 3). Two-factor analysis of variance showed that the contents
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of nitrogen, phosphorus, and potassium in the maize were significantly affected by AMF,
while the contents of nitrogen in the shoots of maize and potassium in the shoots and roots
of maize were significantly or extremely significantly affected by the addition of rape straw,
but the interaction between the two factors was not significant.

Table 3. Effects of straw addition and AMF on mineral nutrient content of maize (%). CK—control;
SR—treatment of rape straw addition; AMF—treatment of AMF inoculation; AMF + SR—treatment
of addition straw and AMF inoculation. Different lowercase letters indicate significant differences
among treatments (p < 0.05). “ns”, “*”, and “**” indicate not significant, p < 0.05, and p < 0.01
according to two-way ANOVA, respectively.

Treatment
N Content P Content K Content

Shoot Root Shoot Root Shoot Root

CK 2.06 ± 0.02 c 2.18 ± 0.05 b 0.38 ± 0.02 b 0.45 ± 0.01 c 0.66 ± 0.02 d 0.67 ± 0.04 c

SR 2.11 ± 0.04 c 2.22 ± 0.02 b 0.39 ± 0.02 b 0.46 ± 0.01 c 0.69 ± 0.01 c 0.73 ± 0.02 b

AMF 2.24 ± 0.05 b 2.39 ± 0.03 a 0.47 ± 0.04 a 0.50 ± 0.02 b 0.76 ± 0.02 b 0.82 ± 0.03 a

AMF + SR 2.31 ± 0.03 a 2.40 ± 0.03 a 0.48 ± 0.03 a 0.51 ± 0.01 a 0.79 ± 0.0.2 a 0.85 ± 0.03 a

Two-way analysis of variance
AMF ** ** ** ** ** **

SR ** ns ns ns ** *
AMF × SR ns ns ns ns ns ns

3.7. Effects of Rape Straw Addition and AMF on Content of Cadmium and Lead in Maize

Compared with CK, both AMF and AMF + SR treatments significantly reduced the
shoot and root Cd and Pb contents of maize; the Cd contents in the shoots were reduced by
19% and 18%, and the Cd contents in the roots were reduced by 20% and 22%, respectively
(Figure 6A). The shoot Pb contents decreased by 24% and 25%, and the root Cd contents
decreased by 18% and 19%, respectively (Figure 6B). However, there was no significant
difference between the two treatments. Two-factor analysis of variance showed that AMF
had a very significant effect on the contents of Cd and Pb in shoot and root maize, while
the addition of rape straw had no significant effect on the contents of Cd and Pb in maize
plants, and the interaction between the two factors was not significant. Therefore, the
contents of Cd and Pb in maize plants were decreased by AMF.
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effects of adding rape straw and AMF on Cd content in maize shoots and roots; (B): effects of 
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of rape straw addition; AMF—treatment of AMF inoculation; AMF+SR—treatment of addition 
straw and AMF inoculation. Different lowercase letters indicate significant differences among 
treatments (p < 0.05). “ns” and “**” indicate not significant and p < 0.01 according to two-way 
ANOVA, respectively. 
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Figure 6. Effects of adding rape straw and AMF on the content of cadmium and lead in maize.
(A): effects of adding rape straw and AMF on Cd content in maize shoots and roots; (B): effects of
adding rape straw and AMF on Pb content in maize shoots and roots. CK—control; SR—treatment
of rape straw addition; AMF—treatment of AMF inoculation; AMF + SR—treatment of addition
straw and AMF inoculation. Different lowercase letters indicate significant differences among
treatments (p < 0.05). “ns” and “**” indicate not significant and p < 0.01 according to two-way
ANOVA, respectively.
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3.8. Correlation Analysis

The correlation analyses showed that the available Cd and Pb contents in soil were
positively correlated with the Cd and Pb contents in plants (r = 0.997, p < 0.01; r = 0.992,
p < 0.01) and negatively correlated with plant height (r = −0.996, p < 0.01; r = −1.000,
p < 0.01), shoot biomass (r = −0.996, p < 0.01; r = −0.984, p < 0.05), and root biomass
(r = −0.994, p < 0.01; r = −0.978, p < 0.05), showing a significant or extremely significant
negative correlation. In conclusion, the decrease in Cd and Pb contents in maize plants and
the increase in maize plant height biomass by AMF were closely related to the decrease in
soil available Cd and Pb contents.

4. Discussion
4.1. Effects of AMF on the Degradation and Mineral Nutrition, as Well as the Cadmium and Lead
Releases from Rape Straw

The effect of AMF on the degradation and release of mineral nutrients in rape straw
was studied by a pot experiment under the condition of compartment screen culture. The
results showed that AMF could better promote the degradation of rape straw and the
release of mineral nutrients. This may be because AMF changes the mycelial mesh density,
enhances the soil enzyme activity, increases the soil microbial quantity, participates in the
straw mineralization process, and promotes straw degradation and nutrient release [25,26].
Hydrolases released by mycelium outside the root of AMF can directly degrade plant
residues [27,28]. In this study, it was found that even under the same culture days, the
degradation of straw and the release of mineral nutrients in the mycorrhizal chamber
were higher than those in the root chamber, indicating that AMF played a key role in the
degradation of rape straw and the release of mineral nutrients.

Studies have found that rape straw can be used as a green fertilizer because it is
rich in nitrogen, phosphorus, and potassium, and therefore it is an important nutrient
resource to promote crop growth [29], and when applied in soil it is conducive to the
survival of soil organic matter and microbial populations [30]. However, the degradation
of straw is accompanied by the return of heavy metals to the soil, increasing the contents
of heavy metals in the soil. In this study, the releases of Cd and Pb from rape straw after
inoculation with AMF were higher than that of the control treatment, but inoculation
with AMF and AMF + SR could reduce the contents of Cd and Pb in the soil, while straw
addition alone had no significant effect on the Cd and Pb contents. The increases in Cd and
Pb released from rape straw may be because during the degradation of rape straw, the low
molecular weight organic acids secreted by the mycelia outside the plant roots and AMF
roots, such as malic acid, oxalic acid, and acetic acid, chelate with cadmium and lead in
the straw to form “cadmium–lead low molecular organic acid” complex, thus promoting
the release and migration of cadmium and lead [31,32]. Therefore, it is necessary to further
consider the environmental risk of heavy metal spillover caused by AMF promoting crop
straw decomposition.

Studies have shown that heavy metal pollution of farmland soil is common in mining
areas, leading to a decrease in farmland soil fertility, by affecting the absorption and
utilization of nutrients by crops, and thus inhibiting the growth and development of
crops [1]. Therefore, adding crop straw to improve soil nutrient status under heavy metal
pollution is of great significance for the growth and development of later crops [33,34].
Studies have shown that the colonization of AMF in crop roots has a large mycelium
network, which can improve soil enzyme activity and increase microbial biomass and
richness, thus promoting straw degradation; the mineral nutrients in the straw will be
released or transferred to the soil by the AMF root mycelia to increase the content of
available nutrients in the soil, and then the mycelia will be used to promote the absorption
and utilization of nutrients by the roots of later crops [12,35]. In this study, it was found
that compared with CK, both AMF and AMF + SR treatments could significantly increase
the available nutrient soil contents, and the AMF + SR treatment had a better effect on
the improvement of soil available nitrogen, phosphorus, and potassium, indicating that
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AMF could exert its ecological function to a greater extent after adding straw. Therefore,
the combined treatment of heavy metal-contaminated rape straw and AMF inoculation is
beneficial to the fertilizing of heavy metal-contaminated soil and the absorption of crop
nutrients, which is of great significance to the growth and development of later crops.

4.2. Effects of AMF on the Growth and Heavy Metal Content of Crops

Studies have shown that AMF can promote material circulation and maintain ecosys-
tem balance. AMF can significantly increase the degradation rate of plant residues, promote
the decomposition of plant residues, and help host plants absorb nitrogen, phosphorus,
potassium, and other mineral nutrients that are in the soil [36,37]. In this study, the nitrogen,
phosphorus, and potassium contents, as well as the plant height and biomass values of the
maize plants, increased significantly under the AMF and AMF + SR treatments, and the
increase effect of the AMF + SR treatment was better. The possible reason is that AMF can
colonize the maize roots, and the extrinsic mycelium increases the contact area between the
roots and the soil, reduces nutrient losses, improves its utilization efficiency, and directly
promotes the growth of maize [38]. AMF can also indirectly promote plant growth by
promoting the degradation of crop residues and improving the soil nutrient status [25].
Some studies have found that organic matter generated by straw decomposition has a
significant effect on AMF mycelial extension and an increase in spore number [39], and
mycelial extension can expand the contact area of mineral nutrients in soil absorbed by
crop roots, thus improving crop development ability [11,40,41].

In this study, it was found that the addition of AMF and rape straw could significantly
reduce the contents of available Cd and Pb in maize rhizosphere soil and plant Cd and
Pb. This may be because compounds such as AMF mycelium and its secreted glomalin-
associated protein can effectively bind heavy metal ions in the soil, thus reducing the
availability of heavy metals [42]. In particular, the glomalin-related proteins secreted by
AMF mycelium have special biological, physical, and chemical properties complexing
large quantities of heavy metal ions in soil and significantly improving the adsorption and
binding of heavy metal ions to soil particles [43,44], reduce the available state contents
and bioavailability of heavy metals in soil, reduce the transfer of heavy metals from soil to
plants, and reduce the contents of heavy metals in the shoots of plants [45,46]. In conclusion,
the combined treatment of rape straw polluted with heavy metals and AMF can reduce the
contents of heavy metals in crops, which has important implications for the safe production
of crops.

This experiment was conducted under controlled experimental equipment and indoor
pot studies. Although there was no statistically significant interaction between straw
addition and AMF, the combined treatment was the best for enhancing soil fertility and
maize mineral nutrition, promoting maize growth, and enhancing maize resistance. The
influencing factors of AMF on rape straw degradation and maize growth are relatively
complex. The number of research days of this experiment on the growth of maize were
limited, and the results obtained are only useful as the basic data for later applications
combined with field experiments. Therefore, it is necessary to carry out positioning research
on long-term combined treatment combined with field trials in the future. At the same
time, research on straw–soil nutrient cycling and the mechanism of reducing heavy metal
absorption by crops should be further strengthened.

5. Conclusions

Under the stress of Cd and Pb pollution, AMF can promote the degradation of rape
straw and the release of mineral elements, thus increasing the content of the available
nitrogen, phosphorus, and potassium in the soil, while reducing the contents of the available
Cd and Pb in the soil, alleviating the toxic effect of Cd and Pb on maize and promoting the
absorption of mineral nutrients by maize, thus improving the growth of maize. Therefore,
the combined addition of crop straw and AMF has a synergistic effect on improving the
mineral nutrition and growth of later crops and reducing the contents of Cd and Pb, which
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is conducive to soil fertilizer cultivation and safe crop production of AMF and heavy
metal-polluted straw returning to the field, revealing the key role of AMF in crop rotation
growth and heavy metal absorption and accumulation in heavy metal-polluted soil.
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