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Abstract: Metal mining generates a considerable amount of tailings. Arbuscular mycorrhizal fungi
(AMF) have potential value for the ecological remediation of tailings from metal mining, despite
problems with these tailings, such as loose structure, high heavy-metal concentration and low organic
matter and microbial diversity. This review summarizes both the application and physiological
functions of AMF, and plant symbiotic systems, in the ecological remediation of tailings from metal
mining. The review also includes an in-depth analysis of the characteristics, structural composition,
and potential functions of glomalin-related soil protein (GRSP), a release product of mycorrhizal
fungi, in the ecological remediation of tailings from metal mining. This review is expected to provide
a basis for the application of arbuscular mycorrhizal fungi remediation technology in the ecological
remediation of tailings from metal mining.

Keywords: arbuscular mycorrhizal fungi; metal tailings; ecological remediation; glomalin-related
soil protein

1. Introduction

Rapid changes in modern industry have led to a sharp rise in the demand for mineral
resources, which has also resulted in increased discharge of mining spoil (tailings). By
the end of 2014, accumulated tailings in China reached 14.6 billion tons, 83% of which are
tailings formed from iron ore, copper, and gold mining [1]. The accumulation of tailings
occupies a large amount of land; tailings usually have loose structure, high heavy-metal
content, and low organic matter and microbial diversity. This makes it difficult for plants
to naturally colonize tailings, thereby restricting ecological remediation. The long-term
accumulation of tailings can lead to a serious degradation of environment quality, and
even threaten human development. Therefore, tailings from metal mining and the threat
they pose to the ecological environment cannot be ignored as there is a need for the timely
restoration of these mining sites.

Studies have resulted in a variety of methods for the ecological remediation of tail-
ings, such as physical remediation, chemical remediation, bioremediation, and integrated
remediation [2–4]. All these methods have certain advantages and disadvantages. For
example, physical remediation has not been widely applied because of the large volumes of
material and high relative cost per unit of volume. Although remediation using inorganic
amendments produces rapid results, it is expensive, its action cycle is short, and its effec-
tiveness is limited to only tailings of specific mining operations or plant species. Therefore,
it is not suitable for long-term, large-scale ecological remediation of tailings. By contrast,
organic matter is an important component in maintaining soil structure [5] and driving
soil processes [6]. Therefore, remediation using organic amendments can establish soil
structure and biological processes in tailings relatively quickly, while increasing the nutrient
content in tailings. Among the available bioremediation techniques, phytoremediation
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is an attractive option in which vegetation can be directly applied to the surface of the
tailings, reducing wind and water erosion [7,8]. In addition, phytoremediation can be
used to effectively immobilize or extract heavy metals and achieve sustainable recovery
of tailings [9,10]. However, phytoremediation alone still has limitations because of the
characteristics of poor tailing structure and high heavy-metal content from multiple heavy-
metal species. Therefore, an increasing number of studies are employing microbial-assisted
phytoremediation to improve remediation efficiency [11].

Many microbial species, including bacteria and fungi, have a remarkable ability to
remove heavy metals from a matrix, promote plant growth, and improve matrix structure.
Arbuscular mycorrhizal fungi (AMF) are garnering increasing attention from researchers
as a remediation technique. AMF are soil microorganisms that are ubiquitous in almost
all habitats and climates, can form symbiotic relationships with most plants, and can be
applied as a potential bioremediation technique in the ecological remediation of tailings.
AMF have many functions in symbiotic systems [12–14], such as promoting plant growth,
enhancing drought and disease resistance, tolerance to heavy metals, regulating changes in
physiological metabolic activities of the root system, and changing rhizosphere microbial
diversity and community structure. Thus, AMF have promising applications in ecological
remediation of tailings.

The only protein known to be released into soil by AMF, glomalin-related soil protein
(GRSP), is an important mediator of the interaction between AMF and the soil environ-
ment [15]. The role of GRSP in enhancing the stability of soil aggregates, increasing carbon
and nitrogen content in soil, and sequestering heavy metals, has gradually gained recogni-
tion [16]. However, studies on the role of GRSP in ecological remediation of tailings are
rarely reported. GRSP may be an important factor for a symbiotic system employing AMF
in the ecological remediation of tailings.

2. Overview of AMF

The concept of mycorrhiza was first proposed in the 1880s by Frank, a German plant
physiologist [17]. Mycorrhiza is a Greek word combining “myco” (fungus) and “rhiza”
(root). AMF is named after its physiological properties; namely, the ability of mycelium to
invade the intercellular or intracellular layers of plant roots to form vesicular and arbuscular
structures. It was originally named vesicle-arbuscular mycorrhizal fungi. However, it was
later found that not all AMF could form vesicle structures; thus, its name was modified to
“AMF” [18]. A schematic representation of the structure of AMF is shown in Figure 1. The
structure of AMF may be different among different genotypes. Some AMF structures include
hypha, arbuscular and vesicle, while some AMF structures only have hypha and arbuscular.
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Figure 1. Schematic diagram of the structure of AMF. Figure 1. Schematic diagram of the structure of AMF.

AMF are ubiquitous soil organisms and their symbiosis can be found in almost all
types of ecosystems. They form symbioses with more than 80% of terrestrial plants. All
examined legumes have been found to be associated with mycorrhizae [19]. AMF provide
a direct physical link between the soil and plant root system. Many researchers have
extensively studied AMF morphological structures, the various species of fungi involved in
the formation of AMF, and the physiological and ecological functions of AMF. An in-depth
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understanding of the primary functions of AMF can help achieve improved plant growth
under abiotic stress situations. Moreover, AMF can be used as a potential biotechnological
tool to increase the efficiency of phytoremediation of contaminated soils [20,21].

3. Analysis of the Physiological Functions of AMF Symbiosis for Ecological
Remediation of Tailings from Metals Mining

Under normal or stressful conditions, AMF can act as a biocatalyst, bioprotectant,
and biocontrol agent to improve plant growth and metabolism and enhance plant pro-
ductivity [22]. AMF has been shown to induce plant growth and increase auxin levels in
symbiotic systems by increasing plant access to nutrients. They can affect plant tissue up-
take and distribution [23] and enhance drought and disease resistance, as well as tolerance
to heavy metals [12,24,25]. AMF can also improve the conditions of the rhizosphere soil
microenvironment [26].

3.1. Promoting Plant Growth

The mycelial network formed by AMF in symbiosis with plants can substantially
increase the area of water and nutrient uptake by host plants and promote plant growth [27].
Moreover, the active mechanism of AMF is attributed to the ability of AMF to alleviate
oxidative stress in plants [28] and change the transcription levels of genes involved in
signaling pathways or stress responses [29]. Different AMF genotypes can have different
effects on host plants, including spreading of extraradical mycelium, nutrient uptake
efficiency, and mycorrhizal-specific gene expression, resulting in various growth responses
in the host plant [30,31]. The extraradical mycelium of AMF draws mineral nutrients from
the soil and transports them to the host plant. Differential expression levels of phosphorus
transporter and nitrogen assimilation genes have been reported to result in changes in the
ability of plants to take up and transport phosphorus and nitrogen [30].

3.2. Improving Drought Resistance in Plants

Inoculation with AMF can improve the drought resistance of plants. AMF symbiosis
with plants can improve overall plant growth by increasing root length, leaf area, plant
biomass, and nutrient uptake under drought conditions [32]. Improved plant growth
through AMF inoculation has been attributed to the formation of an extensive mycelial
network and secretion of glomalin, which in turn enhances water and nutrient uptake
and improves soil structure [33]. AMF symbiosis is involved in several physiological and
biochemical processes. These processes include the direct uptake and translocation of water
and nutrients by AMF, increased osmoregulation, improved gas exchange and water use
efficiency, and enhanced protection against oxidative damage [34,35]. As AMF-inoculated
plants can absorb water from soil to meet the water requirements of their evaporating
surfaces [36], these plants show an increase in transpiration rates [37]. For example, high
stomatal conductance, transpiration rate, and photosynthetic rate were observed in pot
experiments, whereas carbon dioxide concentrations were decreased in plants inoculated
with AMF [38]. AMF can also regulate the hydraulic properties of plants by modulating
plasma membrane intrinsic proteins through phytohormones [39,40]. In addition, at the
molecular level, drought tolerance in plants can be improved by altering their genetic code
and regulating gene expression, such as the expression of the PIP2 gene [41]. These results
show that inoculation of AMF can enhance the drought tolerance of plants and thus benefit
plant growth.

3.3. Improving Metal Tolerance in Plants

Certain mechanisms can be used to enhance plant tolerance to heavy metals and
reduce the uptake of elemental metals from plant roots. For example, AMF can enhance the
metal tolerance of host plants in symbiotic systems and are widely used in the remediation
of heavy-metal contaminated soils [42,43]. Mycorrhizal fungi can achieve morphological
transformation of trace elements in the rhizosphere soil through various pathways, in-
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cluding chemical precipitation in the soil through acidification and immobilization [44].
The AMF could improve plant tolerance to metals by different mechanisms such as (1)
metal restriction by compounds (e.g., glomalin) secreted by AMF [45], Qiu et al. [46] found
that the significant negative correlation between GRSP and the combined indicators of
eight bioavailable metals’ concentration, (2) accumulation of metals on the hyphal sur-
face [47], metal adsorption onto substance (e.g., chitin) in the cell walls [48], to reduce
the metals translocation to the host plant, (3) AMF increases the content of phosphorus
in the soil, metal deposition in polyphosphate particles in the soil [49,50], (4) alteration of
metals availability by changing the rhizosphere pH [51], (5) regulation of gene expression
under stress conditions [52], AMF symbiosis up-regulated metallothionein PtMT2b in roots
regardless of contamination, PtMT2b greatly increased Cd tolerance in transgenic yeast
under Cd stress [53], AMF colonization distinctly reduced the level of MsPCS1 and MsMT2
genes, thereby reducing Cd translocation to the aboveground biomass [54]. One study
has demonstrated a significant increase in the biomass of AMF-inoculated plants in soils
contaminated with Cd. Furthermore, although Cd concentrations in the roots of the plants
increased, the above ground Cd concentrations decreased compared to the control [55].
Using proton-induced X-ray emission, Wu et al. [56] proposed fungal structures in the
roots sequestrated Zn (likely by binding to thiols) and the precipitation of Pb and Cu in
the mycorrhizal root rhizodermis (likely by Fe compounds). In summary, AMF can adjust
the growth pattern of plants in a heavy-metal contaminated environment to improve plant
tolerance to these metals.

3.4. Altering the Microbial Composition of the Soil Environment

AMF symbionts play a key role in the modification of microorganisms in the soil envi-
ronment [57]. Soil microorganisms are a critical component in maintaining soil bioactivity.
Changes in microbial activity and community structure are sensitive to soil quality and
health. The soil microbial population structure is one of the important markers of commu-
nity structure and stability of soil ecosystems. AMF inoculation can affect the physiological
metabolic activities of plant roots. This can lead to nutrient demand-mediated selection
of the microbiota in the mycorrhizal root zone, altering rhizosphere microbial diversity,
community structure, and microbial activity [58]. This, in turn, affects the release and
transformation of soil nutrients. AMF (Claroideoglomus etunicatum) was inoculated to maize
grown in soils spiked with Lanthanum, and it showed that AMF could significantly alter
the structural diversity of soil bacterial and fungal communities [59]. Fu [60] found that
soil enzyme activity was enhanced, and the abundance and diversity of microorganisms
were significantly upregulated in soils inoculated with AMF.

In addition, AMF can improve soil texture and porosity [61]. AMF can contribute to
soil aggregate stability directly through the physical effects of the network around soil
particles [62]. Aggregated soils are resistant to wind and water erosion and have better air
and water infiltration rates for plant and microbial growth [63]. In addition to affecting soil
aggregation and particles in metal contaminated soils, AMF size distribution also plays an
important role in the accumulation of soil organic matter and soil organic carbon [64]. All
these benefits are inextricably linked to AMF-secreted GRSP.

4. Application of AMF Symbionts in the Ecological Remediation of Tailings from
Metals Mining

In view of the various physiological functions possessed by AMF symbionts, in
some heavily polluted environments, such as smelting and metal tailings, the soil–fungus–
plant interactions have been extensively studied by Chinese and other scholars [65–67].
The application of AMF and phytoremediation techniques to the ecological remediation
of mining areas has gradually received more attention from researchers [21]. Table 1
summarizes the research progress of AMF-phytoremediation in the ecological remediation
of metal-mining wastes in recent years.
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Table 1. An overview of AMF and phytoremediation in the ecological remediation of metal-mining wastes in recent years.

Mycorrhizal Species Host Plants AMF Effects References

Funneliformis mosseae
Lolium perenne L., Festuca arundinacea,

Hylotelephium spectabile (Bor.) H. Ohba,
Tradescantia pallida

Increased plant biomass, decreased heavy metals uptake [23]

Funneliformis mosseae, Diversispora spurcum Cynodondactylon (L.) Pers. Increased the pH, decreased Pb and Cd availability in tailings [51]
Glomus mosses, Glomus etunicatum, Glomus versiforme Lolium perenne L. Increased plant growth, activities of CAT and SOD in plant [66]

Glomus claroideum, Glomus coronatum Kalappia celebica Increased plant growth and N, P and K uptake [67]
Glomus intraradices Lolium perenne L. Increased plant growth [68]

Glomus mosseae, Glomus intraradices Medicago sativa L. Increased plant biomass and P uptake [69]

Glomus versiforme, Glomus mosseae Agropyron cristatum (L.) Gaertn., Elymus
dahuricus Turcz.

Increased plant growth and N, P and K uptake, decreased heavy metals
uptake [70]

Glomus mosseae, Glomus intraradices Zenia insignis Chun Increased plant biomass and P uptake,
decreased root to shoot Fe, Pb and Zn translocation [71]

Gigaspora margarita, Rhizophagus irregularis Allium cepa L., Lotus japonicus Showed high signal of Cd in fungal cell [72]

Claroideoglomus claroideum Sorghum bicolor (L.) Moench,
Trifolium repens L.

Increased plant biomass, promoted the production of
photosynthetic pigments and decreased Cu availability in tailings [73]

Glomus species Canna indica L. Increased plant biomass, decreased bioavailability of heavy metals [74]



Sustainability 2022, 14, 9611 6 of 15

Scholars applied mycorrhizal fungi to the remediation of solid wastes from mines
as early as 1977 [75]. Subsequently, researchers in various countries increasingly applied
one or more AMFs or combined AMFs with plants and organic fertilizers to the ecological
remediation of mining wastes and achieved promising results. By introducing AMF to
promote plant growth on waste sites such as tailings [68], promote the plant uptake of nu-
trients such as phosphorus [76], and alleviate the concentration of metal in the rhizosphere
sediments [77]. It was found that AMF is correlated with the pH, organic matter, and total
phosphorus content of the matrix, AMF increased nitrogen, phosphorous and potassium
uptake by the plants in the studies on AMF inoculation in gold mine tailings [67,78,79].
Studies of iron mine tailings indicated that inoculation with AMF could effectively increase
the activity of acid phosphatase in the rhizosphere of plants, enhance the utilization of
nitrogen, phosphorus, and potassium; and significantly reduce the heavy-metal content in
plant stems and leaves in tailings by plants, and increase the biomass of plants [69,70,80]. In
addition, inoculation of AMF in Pb-Zn tailings increased aboveground and root biomass by
196% and 263%, respectively [23]; effectively contributed to the utilization of phosphorus
by plants [71], decreased the available metals in soils and reduced metals translocation
to shoots [51]. Analysis of AMF selected from Cd contaminated soils revealed that the
fungal cytoplasm had many polyphosphate particles bound to metals, such as Cd, Al, and
Fe. Moreover, AMF were effective in reducing the content of heavy metals transported to
plants [72]. Previous studies on AMF inoculation in Cu tailings showed that AMF inocula-
tion promoted the production of photosynthetic pigments and plant growth, alleviated the
negative effect of Cu on the reproduction output of plants, and reduced the Cu availability
in mine tailings [73,81]. Phytomicrobial remediation of a mine in Morocco indicated that
the presence of AMF plays an important role in protecting and maintaining vegetative
cover. AMF reduced the bioavailability of heavy metals and potential phytotoxic effects
while increasing the plant biomass and changing the physical, chemical, and biological
properties of the soil [74].

In summary, the establishment of AMF and plant symbiosis systems help plant growth,
improve the loose structure of tailings, reduce the concentrations of heavy metals in tailings,
alter enzymatic activity and the microbial community in tailings, and possess potential
applications for the improvement of the tailing environment.

5. Environmental Functions of GRSP, a Release Product of Arbuscular Mycorrhizal Fungi

The GRSP is the only protein known to be released into soil by AMF and is an impor-
tant mediator of the interaction between mycorrhizal fungi and the soil environment [15].
Glomalin was first discovered in 1996 by Wright et al. [82] as a glycoprotein containing
metal ions. It has some adhesive effects produced by the roots or extraradical hyphae
surfaces of the AMF host plant. It was considered as an aggregate binder, later defined by
Rillig [62] as a GRSP. It was detected in large quantities in different ecosystems. Analysis
of GRSP-related literature using CiteSpace [83] software revealed that it has been studied
by researchers in many countries around the world, and has received particular attention
from Chinese scholars. An internet search for the keyword phrase “co-occurrence network
diagram” revealed that studies related to GRSP have been predominantly in the areas
of agroecosystems, root morphology, carbon sequestration, plant growth, and enzymatic
activity and so on (Figure 2).

5.1. Characterization of GRSP

Following Wright’s proposed method for the extraction of glomalin from soil, glomalin
has been classified into four categories: total glomalin (TG), easily extractable glomalin
(EEG), immune reactive total glomalin (IRTG), and immune reactive easily extractable
glomalin (IREEG) [82]. However, in-depth studies of the available literature suggest that
the glomalin extracted by the above techniques is not a specific secretion of AMF and is not
a glomalin. Based on these studies, Rillig et al. [62] proposed a new terminology, GRSP, to
clarify that the extracted glomalin is specifically a glomalin-related soil protein.
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GRSP is related to mycorrhizal colonization, spore density, mycelial length, and
other soil properties [84]. It forms a symbiotic relationship with roots of most terrestrial
plants [85]. Moreover, it is a major soil component in the formation and maintenance
of soil structure [86]. As a glycoprotein, GRSP consists primarily of two parts: protein
and carbohydrate. GRSP is insoluble in water, heat resistant and hard to degrade, not
susceptible to protease hydrolysis, extremely stable in its natural state [87], and can remain
in the soil for 6–42 years [88].

5.2. Structural Composition of GRSP

With advances in the understanding of GRSP, the structural composition of GRSP has
received increasing attention from scholars. Gillespie et al. [89] used X-ray absorption near-
edge structure spectroscopy and pyrolysis ionization mass spectrometry simultaneously to
reveal that GRSP is a mixture of proteins, humic acids, lipids, and inorganic substances.
GRSP was found to be rich in aromatic carbons as well as carboxyl carbons in NMR
analysis [90]. Zhang et al. [91] analyzed the possible presence of various metals, such as
Cu, Zn, Mg, Fe, Au, and Al, in GRSP using X-ray electron spectroscopy. In addition, the
functional groups of GRSP can be analyzed using infrared spectroscopy. Wang et al. [92,93]
found that various functional groups, such as hydroxyl and carboxyl groups, are involved
in the binding of heavy metals.

5.3. Analysis of the Potential Functions of Glomalin-Related Soil Proteins in the Ecological
Remediation of Tailings from Metal Mining

GRSP has sufficient refractoriness to remain in the soil for prolonged periods of
time, plays a key role in long-term carbon and nitrogen storage, metal sequestration, and
enhances the stability of soil aggregates [16]. High AMF spore density and glomalin content
are associated with improved soil fertility and can be used as important indicators of the
environmental condition of ecosystems spoiled by mining [94]. These characteristics of
AMF provide potential value in its application for the ecological remediation of tailings
from metal mines.

5.3.1. Carbon Fixation Function

GRSP plays a particularly important role in the ecosystem carbon cycle, contributing
up to 4–5% to the soil carbon pool [95]. It also has a strong carbon fixation potential [96,97],
which benefits soil carbon content [98]. The study by Guo [99] showed that GRSP played
an important function in soil carbon pooling. In addition, many experimental studies
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suggest that GRSP content is positively correlated with soil organic carbon content and is
a key component of soil organic carbon [100–102]. Kumar et al. [103] found a correlation
between GRSP and soil organic carbon accumulation in a study on soils in coal mining
areas. Because GRSP is a product secreted by AMF, GRSP content and AMF abundance
are intimately associated. One study found a significant positive correlation between soil
organic carbon, AMF biomass, and surface GRSP [104]. Inhibition of AMF activity in soil
can reduce carbon and nitrogen content in soil, mainly because of the reduced mycelial and
GRSP contents [105]. These studies suggest that increasing the GRSP content by inoculating
AMF is an effective method to increase the carbon content in tailings where carbon sources
are relatively scarce.

5.3.2. Immobilizing Heavy Metals

GRSP can adsorb or chelate metal cations, such as Fe, Mn, Cu, and Zn, from the
soil [106]. This action occurs at the matrix–mycelium junction (i.e., before the metals
enter the fungal-plant symbiosis) [107] and plays an equally vital role in sorbent compart-
mentalization of toxic metals and the reduction of their bioavailability [108]. GRSP can
effectively sequester or immobilize different metals from the cell walls of fungal hyphae in
soil [46,109]. Even in heavy-metal contaminated soils, fungi are able to associate with the
roots of plants [110]. The high content of heavy metals in GRSP extracted from contami-
nated soils indicates that GRSP is able to adsorb or chelate heavy-metal ions [111,112] and
reduce the bioavailability of metals [113,114]. This serves to alleviate the contamination
of the surrounding environmental fungi and harm to plants by heavy metals in the soil,
helps buffer against metal elements, and protects fungi [115–117]. It was reported that
inoculation of Glomus mosseae and Glomus intraradices during ecological remediation in an
iron mine in Harbin, China, effectively reduced the total content of heavy metals-Pb, Zn,
Cd, Cu, and Fe-in the soil. For example, in the control group, the total Cd concentration
was 3.45 mg·kg−1. Following inoculation with Glomus mosseae and Glomus intraradices, the
concentration of Cd was reduced to 2.10 mg·kg−1 and 2.90 mg·kg−1, respectively. However,
their diethylenetriaminepentaacetic acid (DTPA) extracted content was higher than that in
the control [118]. Siani et al. [119] studied the effects of inoculation of Glomus intraradices
on the growth of fenugreek. They found that inoculation with AMF promoted the secretion
of rhizosphere GRSP and metal chelation, thereby significantly reducing plant Zn uptake.
Because GRSP is able to adsorb and chelate heavy metals, it has the potential to reduce
metal toxicity in mine tailings. Furthermore, it shows potential as an indicator of ecosystem
remediation of tailings.

5.3.3. Increasing the Stability of Soil Aggregates

GRSP can increase the stability of soil aggregates and improve soil quality [120,121].
Glycoproteins cover soil aggregates and form a characteristic coating on their surface,
binding them together [122]. The viscous GRSP acts as a bio-gel and helps to bind the
tiny soil particles into small aggregates of varying size [123,124]. Inoculation with AMF
increases the content of GRSP in the soil and has a positive effect on water-stable aggregates
that are <1 mm in size [125]. GRSP polymeric aggregates can greatly improve infiltration
of soil water, soil stability, and the ability to prevent natural erosion. Its relatively porous
structure provides the necessary space, and better gas exchange channels, for plant root
growth [126,127]. In turn, this is favorable for plant and microbial growth [128]. Miller
et al. showed that GRSP can adhere to the ectomycorrhizal mycelium of AMF and form
aggregates with them to change the permeability of the soil, and enhance the stability of
the soil structure, while providing erosion resistance [129]. They demonstrated that GRSP
is important for altering the stability of soil aggregates. This function is beneficial in the
remediation of tailings with loose structure.
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5.3.4. Improving Drought Tolerance in Plants

GRSP increases soil water retention and improves plant drought tolerance. GRSP
covers the surface of mycelium and acts as a mycelial coating to regulate the entry and exit
of water and nutrients in plants [130]. It prevents water loss and by forming a hydrophobic
layer on the surface of soil aggregates and it reduces water loss under drought condi-
tions [131,132]. GRSP has extremely similar amino acid sequences to heat shock protein
60 (HSP60), produced by eukaryotic and prokaryotic cells under environmental stress
conditions. It can act as a stress-inducible protein that is strongly expressed in response
to various adverse environmental stresses [133]. HSP21 is a molecular chaperone that can
maintain the PSII complex and vesicle-like membrane stability under high temperature
stress [134]. Therefore, GRSP can play a key role as a molecular chaperone to improve pho-
tosynthetic efficiency under drought conditions, thereby improving plant drought tolerance.
In addition, GRSP can strongly promote the activity of root superoxide dismutase under
drought stress [135], which contributes to plant antioxidant activity and thus improves
plant drought tolerance. Therefore, GRSP may improve the water retention properties of
tailings and contribute to the growth of plants in tailings.

Moreover, a study has shown that the stability of soil aggregates has an important
influence on soil carbon storage, and that reduced aggregate stability leads to reduced
protection of soil carbon and nitrogen by soil macroparticles [136]. The distribution of
aggregates affects the carbon and nitrogen cycle within them. Aggregates of different
particle sizes have different carbon contents [137]. In addition, aggregates greatly affect
the transport as well as the bioavailability of heavy metals in soils, and have important
effects on heavy-metal enrichment characteristics and morphological distribution [138]. The
enrichment of soil heavy metals is related to the particle size of soil aggregates [139]. There are
significant differences in the distribution of heavy metals in soils with different particle size
aggregates because of the considerable differences in the nature and composition of the aggregate
particles [140]. Thus, GRSP, heavy-metal concentrations, carbon content, and aggregate stability
are closely related to each other. However, few studies have combined these four factors for
elucidating the effector mechanism of GRSP on tailings in rhizosphere aggregates.

In summary, the potential functions of AMF and GRSP on the ecological remediation of
metal tailings mainly affect the following aspects: organic carbon accumulation, aggregate
aggregation, nutrient absorption, heavy metal migration, microbial regulation, and plant
growth. The schematic diagram of the functions of AMF and GRSP is shown in Figure 3.
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Figure 3. Schematic diagram of the functions of AMF and GRSP. AMF (arbuscular mycorrhizal fungi),
GRSP (glomalin-related soil protein), N (nitrogen), P (phosphorus), A (aggregate), HM (heavy metal),
SM (soil microflora).
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6. Conclusions and Outlook

The establishment of a symbiotic system between AMF and plants has potential ap-
plications for the improvement of tailings from metal mining. There is an inextricable
relationship between GRSP, heavy metals, carbon content, and aggregate stability. Improv-
ing environmental quality by increasing the GRSP content in the soil through inoculation
with AMF is important for ecological remediation of the fragile tailings from metal mining.

The release and accumulation of GRSP may be an important mechanism for the
ecological remediation of tailings from metal mining. Examining the active mechanisms
between various factors such as GRSP, heavy metals, carbon content, and aggregate stability
may provide a basis for future application of AMF in the remediation of tailings.

Although the structural characteristics of GRSP are understood, the active mechanism
of GRSP in chelating heavy metals still requires further study.
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