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Introduction: Tailings can cause extensive damage to soil structure and microbial
community. Phytoremediation is an effective strategy for remedied tailings soil
due to its environmentally friendly and low-cost advantage. Fungi play a crucial
role in nutrient cycling, stress resistance, stabilizing soil structure, and promoting
plant growth. However, the fungal community variation in phytoremediation
remains largely unexplored.

Methods: We analyzed soil fungal community based on high-throughput
sequencing during three plant species combined with urban sludge to remediate
quartz tailings soil.

Results: The results indicated that the fungal diversity was significantly increased
with plant diversity, and the highest fungal diversity was in the three plant
species combination treatments. Moreover, the fungal diversity was significantly
decreased with the addition of urban sludge compared with plant treatments,
while the abundance of potential beneficial fungi such as Cutaneotrichosporon,
Apiotrichum, and Alternaria were increased. Notably, the fungal community
composition in different plant species combination treatments were significant
difference at the genus level. The addition of urban sludge increased pH, available
phosphorus (AP), and available nitrogen (AN) content that were the main drivers
for fungal community composition. Furthermore, the fungal networks of the
plant treatments had more nodes and edges, higher connectedness, and lower
modularity than plant combined with urban sludge treatments.

Conclusion: Our results showed that three plant species combined with
urban sludge treatments improved fungal community and soil properties. Our
results provide insights for quartz tailings soil remediation using plant-fungi-
urban sludge.

fungal diversity, fungal community structure, phytoremediation, quartz tailings,
phosphorus and nitrogen, urban sludge
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1. Introduction

The exploitation of mineral resources that play an essential
role in the development of humans was shown exponential growth
as the economy development (Carvalho, 2017). However, the vast
amount of waste liquids and rocks from the mining process are
transported into soil and then destroy the ecological environment
(Kossoft et al., 2014; Adiansyah et al, 2015). It is difficult for
plants to grow on tailings soil due to their physicochemical
characteristics, such as lower or higher pH, higher heavy metal
pollution, lower water retention capacity, deficiencies in soil
organic matter, and lack of plant growth nutrients (Sheoran et al,
2008; Wang et al., 2017; da Silva et al., 2022). Notably, the changes
in soil physicochemical properties can affect the soil microbial
community structure (Jia et al.,, 2019). The common restoration
methods for tailings soil are biological, physical, and chemical
remediation (Festin et al., 2018). Phytoremediation including
plants and related microorganisms that have the advantages of
low-cost, sustainable, and environmentally friendly technology, are
ideally used to remediate tailings soil compared with physical and
chemical remediation (Dickinson, 2017; Sharma, 2020).

More than 400 kinds of plant species in the world can
metabolize pollutants including accumulating organic and
inorganic contaminants by improving microbial degradation of
contaminants in the root zone (Arthur et al., 2005; Faucon et al.,
2007). Furthermore, plants can transport, accumulate or degrade
soil heavy mental pollutions such as Zn, Pb, Cd, Mn, Cu, Cr, Fe,
As, and Nij, and then reduce environmental impact through litter
decomposition, root exudates and soil properties (Wang et al,
2015; Sanchez et al., 2018; Ali et al., 2020; Su et al., 2022). For
example, some species of Legumes are often used to improve the
nitrogen content of tailings soils (Young et al., 2015). Moreover,
some plant species can tolerate drought of semiarid and mining
soil with low water holding capacity (Santibanez et al., 2012).
Therefore, suitable plant species are very important to repair
tailings soil.

Fungal community are critical factors in maintaining plant
biodiversity, soil health and productivity, and soil biogeochemical
processes such as nitrogen and phosphorus cycling (Mangan et al.,
2010; Urbanova et al., 2015). They contribute to plant disease
control and growth promotion, and plant stress resistance (Ozimek
and Hanaka, 2020). Some fungal groups, such as Penicillium,
can assist plant in phosphorus and nitrogen uptake in heavy
metal-contaminated soil (Ikram et al.,, 2018; Elfiati et al., 2021).
Moreover, some species of Basidiomycetes can improve plant salt
tolerance by increasing the concentration of osmotic fluid in plant
cells, and enhancing plan minerals uptake and potassium ions
for metal-detoxifying (Bukhori et al.,, 2020). Notably, arbuscular
mycorrhizal fungi (AMF) can assist plant to facilitate mineral
and water uptake (Debeljak et al., 2018; Begum et al, 2019).
Archaeorhizomyces enhance stress resistance and inhibit disease by
increasing the bioactive components of the plant (Zhang et al,
2020). Furthermore, the plant growth promoting fungi (PGPR)
have been widely used to prevent and control heavy metal pollution
due to its ability to promote plant growth and induce host resistance
(Geetha et al., 2022). Moreover, fungi also play a crucial role
in maintaining soil plant productivity (Frac et al.,, 2018). These
findings suggest that fungal community play an essential role in
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plant defense against stressful environment and facilitate nutrient
absorption. In turn, plant can significantly improve the diversity
and abundance of soil microbial community by providing an ideal
environment to inhabit (Zhao A. et al., 2019; Wu et al., 2022). Plant
can recruit beneficial fungal community through root systems,
stems, leaves, and even seeds (Santoyo, 2021). Higher microbial
diversity led to higher microbial function level and then accelerate
tailings soil remediation (Fuke et al., 2021). However, plant recruit
which fungal community and play what roles in tailings soil
remediation remain unclear.

Extreme environmental conditions strongly influence the
efficiency of phytoremediation (Chandra and Kumar, 2018). In
order to improve the recovery efliciency, some amendment
combination with plants have been used in the rehabilitation
of tailings soil (Asensio et al., 2013b; Alcantara et al, 2015).
Notably, some studies have shown that urban sludge significantly
neutralized soil pH in restoring Cu tailings (Asensio et al., 2013a).
In addition, urban sludge can improve soil properties and influence
soil bacterial community structure (Bai et al., 2019; Zuo et al,
2019). Significantly, urban sludge is often used as an amendment to
phytoremediation due to its easy availability and rich in inorganic
and organic nutrients. However, we still need to better understand
how the plant species and urban sludge improve the properties
and biological condition of tailings soil. In this study, we used
three plant species (Lolium perenne L., Vicia sepium L., and
Medicago sativa L.) combined with urban sludge to remediate
quartz tailings soil. We analyzed the variation and co-occurrence
of fungal community in 14 treatments. We hypothesized that
(i) the treatments of plant species combination could significantly
increase fungal diversity than single species. (ii) Plant could recruit
beneficial fungi to resist stress in tailings soil. (iii) Plant combined
with urban sludge could effectively remediate tailings soil due
to the improvement of biological-chemical-physical properties.
The results provide systematic information for the remediation of
tailings soil and fully reveal the relationship among plant, urban
sludge, and soil fungal community.

2. Materials and methods

2.1. Material preparation

Quartz tailings soil and urban sludge were collected separately
from the Fengyang County mining area and Chuzhou Zhongye
Huatian Water Co., Ltd. of Chuzhou City, Anhui Province, China.
Impurities on the surface of quartz tailings soil were removed
during sampling, and quartz tailings soil were randomly collected
and brought back to the laboratory for remediation test. Three soil
samples were spread in a ventilated place to dry, and then passed
through 2 mm sieve to remove impurities. The sieved soil samples
were used to measure soil physical and chemical properties. The
urban sludge reached the discharge standard after being treated by
the providing company, and the properties such as nutrients and
harmful substances meet the Chinese national standards.

Vicia sepium L.(Y) and M. sativa L.(Z) belong to Legume
that have the characteristic of drought and barren tolerance, salt
and alkali resistance, and strong ability to enrich heavy metals
(Templeton, 2018; Bao et al., 2022). Lolium perenne L.(H) is widely
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used in tailings soil due to its strong resistance and growth ability
(Irhema, 2019). We used the three plant species to remediate
tailings soil. The seeds of the three plant species were purchased
from Century Tianyuan (Luoyang) Ecological Technology Co., Ltd.
(Henan Province, China). Seeds were soaked in sterile water for
12 h at room temperature, then loaded into sterilized Petri dishes,
and covered with wet gauze until germination. Seedlings that
were strong and uniform in size were selected for the subsequent
treatment.

2.2. Experimental design

The experiment was conducted in a greenhouse using potted
plants placed in polyethylene plastic pots (upper diameter: 16 cm,
lower diameter: 12 cm, height: 17 cm, volume: 2 L). Approximately
1 kg of quartz tailing soil was placed in each pot. Quartz tailings
soil was treated with plant or plant combined with urban sludge,
respectively. The treatments of plant species were divided into
one, two and three plant species combination. Therefore, seven
treatments were set in the plant treatment group, including Y
treatment (KY), H treatment (KH), Z treatment (KZ), Y & H
treatment (KYH), Y & Z treatment (KYZ), H & Z treatment (KHZ),
and Y & H & Z treatment (KYHZ), respectively, (Figure 1A).
Seven plant species combined with urban sludge treatments were
set in Figure 1B. Two hundred gram of urban sludge were drizzled
in the quartz tailing soil in each pot. Seven treatments in plant
combined with urban sludge group were Y treatment (WY), H
treatment (WH), Z treatment (WZ), Y & H treatment (WYH),
Y & Z treatment (WYZ), H & Z treatment (WHZ), and Y & H
& Z treatment (WYHZ), respectively. Six uniform seedlings were
planted per pot. Three or two seedlings of each plant species in
two plants and three plants mixed treatments were planted per pot,
respectively. Each treatment was replicated five times. Watering
was in demand during 100 days of treatment.

2.3. Quartz tailings soil properties and
plant biomass analysis

Soil of 14 treatments were collected and sieved through a
2 mm sieve after the experiment, and then divided into two
parts for soil properties determination and DNA extraction. The
content of total nitrogen (TN), available phosphorus (AP) and
nitrogen (AN), iron trioxide (Fe;O3), pH, and silicon dioxide
(SiO) were measured according to the method of previous studies
(Sun et al, 2015; Qi et al, 2017; Yu et al, 2017; Zhao S.
et al, 2019). Briefly, pH was determined by pH meter (S500-F
Mettler Toledo, Germany) at a ratio of 1:2.5 (weight/volume) for
soil versus distilled water. The content of TN was determined
by the Kjeldahl digestion method. AP was extracted using 0.5
M NaHCOj; and determined by molybdenum blue method.
Alkaline hydrolysis diffusion was used to determine the soil
AN. The content of Fe;O3 in soil was determined by atomic
absorption spectroscopy. The content of SiO, was determined by
UV-visible spectrophotometry. Furthermore, plants of each pot
were harvested, and measured the aboveground and belowground
biomass of each plant.
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2.4. DNA extraction and sequencing

DNA of soil samples were extracted using the E. ZN.A™
Mag-Bind Soil DNA Kit (Omega, United States). DNA quality was
checked using 1% agarose gel electrophoresis and stored at —80°C
for PCR amplification. The fungal ITS1 region was amplified using
the primer ITS1F (5-CTTGGTCATTTAGAGGAAGTAA-3') and
ITS2R (5-GCTGCGTTCTTCATCGATGC-3") on ABI GeneAmp
9,700 PCR thermocycler (ABI, CA, United States). The PCR
products were recovered by cutting the gel using the AxyPrep
DNA Gel Recovery Kit (Axygen Biosciences, United States),
and then detection and quantification were performed with
the QuantiFluor™-ST blue fluorescence quantitative system
(Promega, United States). Paired-end sequencing were performed
by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China)
on the Illumina MiSeq PE300 platform (Illumina, San Diego, CA,
United States). All raw reads were deposited into NCBI Sequence
Read Archive (SRA) database (Accession number: PRINA923135).
The raw sequences that contained ambiguous nucleotides, short
length, and low quality were discarded (Sun et al., 2021). The high-
quality sequences were analyzed by the QIIME (Caporaso et al.,
2010). Operational taxonomic units (OTUs) at 97% similarity were
identified using the UPARSE (Edgar, 2013). All sample sequences
were flattened according to the minimum sequence number. 21,160
OTUs were acquired, and flattened at the OTUs level. OTUs scale
generated after flattened were used for subsequent analysis.

2.5. Bioinformatics and statistical analysis

Alpha diversity indicators including Chao, and Shannon index
were calculated using the vegan package in R at the OTUs level. The
difference among treatments were analyzed using Student’s ¢-test
significant difference (Kembel et al., 2010). Fungal community
composition at the phylum and genus level were generated using
the “ggplot2” package (Villanueva and Chen, 2019). The difference
of fungal community composition were evaluated using principal
coordinate analysis (PCoA) based on the Bray-Curtis distance
(Edgar, 2013). The relationship between fungal community and soil
properties were analyzed based on Redundancy analysis (RDA).
The relationship between soil properties and fungal diversity
were performed using Pearson’s correlation analyses (the top
20 at the genus level) (Capblancq and Forester, 2021; Cheng
et al., 2021). Significant difference of the relative abundance
of fungal community among different treatments were analyzed
using the linear discriminant analysis effect size (LEfSe) (Chang
et al., 2022). The LDA threshold was chosen four and used All-
against-all to evaluate the statistical differences. The variation of
fungal community composition was analyzed by multiple group
comparisons based on Welch’s ¢-test. The difference between plant
biomass and soil properties were analyzed using the least significant
difference (LSD) (Urbanovd et al., 2015).

2.6. Network construction

The fungal network of plant treatments (PT) and plant
combined with urban sludge treatments (PUT) were constructed
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FIGURE 1
Experimental design diagram of quartz tailings soil remediation by plant and plant combined with urban sludge. Panel (A) represents plant
treatments. Panel (B) represents plant combined with urban sludge treatments. Y, H, and Z represent Vicia sepium L., Lolium perenne L., and
Medicago sativa L., respectively.

TABLE 1 Effect of plant and plant combined with urban sludge treatments on quartz tailings soil properties.

Treatment

Silicon dioxide

Available nitrog Available phosphorus | Iron trioxide
(AN, mg/kg) (AP, mg/kg) (Fe, O3, %

(SiOy, %)

Untreated soil 14.00 + 2,134 1.86 + 0.15"¢ 1.25 + 0.13¢ 52.83 4 0.58%¢ 535+ 0.21°
KY 10.62 = 3.264 1.93 +0.09 1.82 4 0.16b<d 51.46 = 0.425¢ 0 5.52 + 0.06°
KH 11.18 + 2.08¢ 1.53 4 0.05¢ 2.40 + 0.26% 52.79 + 0.80%¢ 0 7.14 +0.32°
KZ 16.16 + 1.79¢ 1.49 + 0.08¢ 2.58 + 0.06* 53.28 4 1.15% 0 6.58 % 0.07"
WY 35.64 + 5.15% 15.72 + 1.29 1.91 = 0.09b<d 51.37 4 1.20°¢ 0 5.44 + 0.077
WH 36.90 + 4.12% 39.42 4+ 3.53* 2.04 + 0.28%¢ 50.90 + 0.72¢ 0 6.42 = 0.39"<d
Wz 43.53 4 7.352 40.17 £ 11.16* 2.00 + 0.24%¢ 52.49 + 0.90%¢ 0 6.00 4 0.034¢
KYH 12.59 + 1.669 1.41 +0.22¢ 2.57 +0.09* 53.08 4 0.87%¢ 0 6.47 4 0.13b4
KYZ 21.53 + 5,074 0.79 + 0.33¢ 2.53 +0.09* 52.47 4 0.96%¢ 0 6.50 + 0.10°4
KHZ 19.43 + 4.20% 0.58 + 0.28¢ 2.3540.15%® 53.30 + 1.14%° 0 6.85 %+ 0.22%
WYH 15.32 + 3.12¢ 8.78 4 1.26" 1.83 + 0.23b<d 50.85 4 0.60° 0 6.19 4+ 0.11¢
WYZ 21.23 4 0.78%4 13.79 + 0.60¢ 1.74 £ 0.13%¢ 53.96 + 0.86* 0 6.35 % 0.09"4
WHZ 31.85 4 4.692>¢ 43.49 £ 10.132 1.88 = 0.39b<d 52.69 + 0.712¢ 0 7.15 + 0.30°
KYHZ 13.56 + 2.33¢ 1.55 + 0.04¢ 2.30 + 0.16%¢ 52.16 + 0.43%¢ 0 6.43 % 0.054
WYHZ 42.55 + 13.47% 38.96 4 8.53° 2.37 4 0.34% 52.42 4 0.39%¢ 0 6.49 4 0.22b4
Urban sludge 4111.33 + 109.11 14.61 + 0.38 3.25 4 0.04 52.27 4 0.41 0 6.03 %+ 0.01

a,b, ¢, d, e, and findicated significant differences (P < 0.05).

on integrated network analysis based on random matrix theory
(RMT) on iNAP platform (Feng K. et al., 2022). The OTUs level
with abundance of >0.01 were filled based on Spearman’s rank
correlation. Before the analysis, only OTUs detected in >20% of
all samples were used for network construction. The largest and
smallest cutoff value for RMT scanning was 1.0 and 0.01 separably.
The module orders for each species were obtained by the fast-
greedy method based on Spearman’s correlation. The nodes of fungi
were assigned to the peripheral, connector, module hub, or network
hub, according to their patterns of within- and among-module
connections (Zi and Pi). The calculation was permuted by 100 times
at each step of node removal at the proportion. Network properties,
including node and edge number, connectedness, modularity,
average path distance, and proportions of positive and negative
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edges were calculated and selected for comparison of networks.
Module-Eigen Gene analysis was used to analyze the relationship
between modules and environmental factors. The globe network of
PT and PUT were visualized by Gephi 0.9.2 with the “Fruchterman
Reingold” layout algorithm (Bastian et al., 2019).

3. Results

3.1. Soil properties and plant biomass

Soil properties were analyzed and compared in 14 treatments
soil (Table 1). The content of AN and AP in plant treatments had
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no significant difference compared with untreated quartz tailings
soil. Notably, AN and AP of WH, WZ, WHZ, WYHZ, and AN of
WY were significantly higher than in untreated quartz tailings soil
(r = 0.46, P < 0.05). The content of AN and AP were increased
with the addition of urban sludge. pH value of quartz tailings soil
was increased after all treatments. In addition, the content of Fe; O3
in KH, KZ, KYH, KYZ, KHZ, KYHZ, WH, WZ, and WYHZ was
significantly higher than that in untreated soil (P < 0.05), while
the content of SiO, had no significant difference between treated
and untreated tailings soil. The biomass of three plant species in
plant combined with urban sludge treatments were higher than
that in plant treatments (Supplementary Table 1) (P < 0.05).
The highest biomass of Y, H and Z were in WYH, WYHZ, and
WYZ, respectively. The total biomass of plant combined with
urban sludge treatments was higher than in plant treatments
(P < 0.05).

10.3389/fmicb.2023.1160960

3.2. Effects of different treatments on
fungal diversity and community
composition

The soil fungal alpha diversity was analyzed based on Chao and
Shannon index (Figures 2A, B). The fungal alpha diversity in KY
was the lowest compared with KH and KZ (P < 0.05). Interestingly,
the fungal alpha diversity significantly increased under Y combined
with other plant species in plant treatments. However, the addition
of urban sludge significantly decreased the fungal alpha diversity
in the plant species combination treatments (P < 0.05). Notably,
fungal alpha diversity in WYHZ and WYZ were higher than other
treatments, respectively. Soil fungal community composition of
KY, KH, KZ, and KYHZ were separated from each other while
that of KYH, KYZ, KHZ, and KYHZ cannot be separated with
each other at the genus level (Figure 2C). The fungal community
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FIGURE 3
The abundance of taxa were displayed on the stacked column, and taxa with relative abundances less than 1% were combined into others. (A) At
phylum level. (B) At the genus level.

composition in WYH was different with other plant combined
with urban sludge treatments (Figure 2D). Moreover, the plant
treatments were separated from plant combined with urban sludge
treatments.

The fungal community composition at the phylum and
genus level were analyzed, Ascomycota, Basidiomycota, and
Mortierellomycota were dominant phyla (Figure 3A). The
addition of urban sludge decreased the abundance of Ascomycota
and Mortierellomycota except for WYH, while increased the
abundance of Basidiomycota. Additionally, the fungal community
composition at the genus level among all treatments were
significant difference (Figure 3B and Supplementary Figure 1).
Talaromyces, Penicillium, Clonostachys, Cladosporium, Mortierella,
Chaetomium, Fusarium, Neocosmospora, Hyphodontia, and
Acremonium were dominant genera in plant treatments
(Supplementary Figure 2A). However, the dominant genera in
plant combined with urban sludge treatments were different with
the plant treatments (Supplementary Figure 2B). The biomarkers
in KYHZ and KZ were different with other plant treatments based
on LEfSe analysis (LDA >4) (Figures 4A, B). Mortierella, Fusicolla
and Stachybotrys in KZ were dominant. Cladosporium, Fusarium,
Gibberella, Cladophialophora, and Alternaria in WYH were
dominant genera. Notably, the abundance of Cutaneotrichosporon
and Apiotrichum were significantly higher in WYHZ than in other
treatments.

3.3. Effects of soil properties on fungal
community composition

We analyzed the relationship between fungal community
composition and soil properties using RDA analysis (Figure 4C).
The results demonstrated that AP, AN, pH, and Fe; O3 significantly
associated with the soil fungal community composition (P < 0.01)
(Figure 4D). AP significantly affected on Cutaneotrichosporon,
Apiotrichum, Gibberella, Trichoderma, Fusarium, Acremonium,
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Cladosporium, Hyphodontia, ~Mortierella, and
Clonostachys, and had negative correlation with the latter
four genera. AN had significant positive correlation with

Cutaneotrichosporon, Apiotrichum, Gibberella, and Fusarium,

Talaromyces

but negative correlation with Clonostachys. pH had significant
positive correlation with Hyphodontia and Mortierella, and
negative correlation with Cutaneotrichosporon, Apiotrichum,
Gibberella, Fusarium, and Cladosporium. Moreover, Fe;O3 had
a positive correlation with Cutaneotrichosporon, Apiotrichum,
Gibberella,  Trichoderma,  Fusarium, Cladosporium, and
Cladophialophoron.

3.4. Fungal network analysis

The results of the fungal network analysis showed that 3,574
and 277 edges were analyzed in the PT and PUT network,
respectively (Table 2 and Figure 5A). PT network had higher
total nodes, total links, connectedness, lower average path distance
and modularity than PUT network. PT network was more
complicated than PUT network. Furthermore, Strelitziana was
network hub species, and Didymella, Trichophaeopsis were module
hub species in PT network (Figure 5, Supplementary Figure 5,
and Supplementary Table 2). Fusarium was network hub species,
Alternaria, Fusarium, Cerrena were module hub species in PUT
network. MEblue and MEbrown in PT network were negatively
correlated with AP and AN, and positively correlated with pH
(Supplementary Figure 3A). MEblue, MEbrown, MEsalmon,
and MEgreen in PUT network were positively while MEyellow
negatively correlated with AP andTN (Supplementary Figure 3B).
MEDblue was significantly correlated with MEbrown and MEyellow
in PT network (Supplementary Figure 3C). MEbrown was
significantly correlated with MEpurple, MEyellow, MEblack, and
MEblue in PUT network. MEblue, MEpink, and MEmagenta
in PUT network were positively while MEbalck and MEbrown
negatively correlated with pH (Supplementary Figure 3D).
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FIGURE 4
LEfSe analysis of the fungal abundance in different treatments. (A) The cladogram of fungal communities. (B) LDA score identified the size of
differentiation of treatments with a threshold value of four. Relationship between soil fungal community composition and physicochemical
properties revealed based on RDA analysis (C). Arrows indicate the relationship between environmental factors and fungal profile. Spearman
correlation heatmap of the top 20 genera and environmental factors (D). *, ** and *** indicate P < 0.05, P < 0.01, P < 0.001, respectively.

MEblack and MEpurple in PUT network were positively correlated
with AP, while MEpink was negatively correlated with AP
(P < 0.05) (Supplementary Figure 3D). Key species in all
modules were shown based on Module-EigenGene Analysis
(Supplementary Figure 4).

4. Discussion

4.1. Effects of plant treatments on fungal
diversity and community composition

In our study, soil fungal diversity in plant treatments

significantly increased with plant species richness. The result
supported our first hypothesis and consistent with previous
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research (Gil-Martinez et al., 2021). The higher richness of the plant
species may increase resource quantity of soil, and then increase
fungal available niches (Waldrop et al., 2006; Cline et al., 2018).
Moreover, soil fungal community composition in plant treatments
was strongly driven by plant species (Figure 2). Plant can recruit
their own fungal community as decomposer, mutualists, and
inhibiting pathogens (Schlechter et al., 2019; Vives-Peris et al., 2020;
Santoyo, 2021). Ascomycota that was the dominant phyla in all
treatments can degrade cellulose and more complex carbohydrates
and adapt to nutrient-poor and dry habitats (Lin et al., 2019;
Shen et al., 2022). For example, Preussia and Archaeorhizomyces
which were dominated in our samples. Preussia can produced
glucosidases, phosphatases, cellulases, and IAA to promote plant
development under stressful environmental conditions (Kandar
et al., 2018, Toppo et al., 2022). Archaeorhizomyces can enhance
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TABLE 2 Topological characteristics of the basic parameters in PT and PUT fungal network.

Fungal network Node number Edge number Connectedness Modularity Average path distance
PT 295 3574 0.78 0.17 251
PUT 131 277 0.13 0.81 261
PT, plant treatments; PUT, plant combined with urban sludge treatments.
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FIGURE 5

green edges indicate negative interaction.

Visualization of fungal network of PT (A) and PUT (B). The peripherals, connectors, module hubs, and network hubs are shown of PT (C) and PUT (D)
fungal network. The colorful nodes represent the fungal OTUs. The blue edges indicate positive interaction between two individual nodes, while the
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plant bioactive components, improve stress resistance, and alleviate
the occurrence of diseases (Zhang et al, 2020). Furthermore,
Mortierella, Fusicolla, and Stachybotrys play an essential role in
reducing the effects of environmental stresses on plant growth,
preventing disease and even promoting bioremediation (Zhang
et al., 2016; Li et al., 2021). Cutaneotrichosporon and Apiotrichum
belonging to Basidiomycota were potential antagonist of soil-borne
plant pathogens and plant growth promoter (Ortega et al., 2020;
Buratti et al., 2022). Furthermore, Apiotrichum may degrade heavy
metal pollution, and promote plant growth (Yalcin et al., 2018;
Kumla et al., 2020; Xie et al., 2021). The results indicated that
plant indirectly or directly promoted the fungal diversity and
adopt the stressful environment of tailing soil through recruiting
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potential beneficial fungal community (Wilkinson et al., 2019
Mattoo and Non-zom, 2021).

4.2. Variation and drivers of fungal
community under plant combined with
urban sludge treatments

In this study, soil properties, such as AN, AP, pH, TN, and
Fe; O3 significantly affect soil fungal community composition.
Furthermore, the addition of urban sludge significantly increased
the content of AN and AP while decreased the fungal diversity
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compared with plant treatments (Figure 2). The results suggested
that AN and AP are the essential drivers in explaining the changes
of fungal diversity, especially for acidic soil. Soil AN and TN
mainly came from urban sludge and N-fixation of Legumes in
14 treatments. Our results showed that Cutaneotrichosporon and
Apiotrichum were significantly associated with AN and TN. AN
enrichment decreased soil fungal diversity due to toxic of more
protons or weaken the linkage between soil carbon and fungal
diversity (Yang et al., 2022¢c). Moreover, AN enrichment might
aggravate the water limitation by promoting plant growth that
were proved by the increase of plant biomass according our
results. The water limitation may decrease some fungal survive
(Angel et al, 2010). Moreover, AP positively and significantly
associated with Cutaneotrichosporon, Apiotrichum, Trichodema,
and Gibberella that were dominated in treatments. The results
suggested that AP is important driver for fungal community
composition (Bulgarelli et al., 2022).

Soil pH directly or indirectly effects fungal community
composition in many ecosystems (Shen et al., 2020; Queiroz et al.,
2021). Tailings soil with low pH is toxic for plant or soil microbial
community. Our data showed that pH was increased after plant
or plant combined with urban sludge treatments. The results
suggested that pH was the crucial predictor for fungal community
composition. After all, less fungal community can survive in
lower pH soil. Thus, plant or organic matters in urban sludge
mitigated soil acidification, and led to change of fungal community.
Moreover, pH and Fe,O3 negatively and significantly associated
with Fusarium indicated that can inhibit pathogen. Notably, the
content of Fe;O3 increased after plant or plant combined with
urban sludge treatments and then enhance plant biomass (Feng
Y. et al, 2022). This may be related to that the increase of pH is
conducive to the dissociation of iron oxides (Penn and Camberato,
2019). Notably, some fungi, such as Talaromyces, Penicillium, and
Cladosporium can produce siderophores and then increase the
content of Fe; O3 (Crowley, 2006; Pourhassan et al., 2014; Sahu and
Prakash, 2021). Together, our findings on the changes of fungal
community and soil properties after treatments supported that
plant or plant combined with urban sludge effectively improve
environment of tailings soil.

4.3. Fungal network under plant and
plant combined with urban sludge
treatments

In this study, the PT network had more node, edge numbers
and complexity than the PUT network (Figure 5 and Table 2).
More network connectors make the links stronger and make
the network more stable. Strelitziana was network hub species,
and Didymella, Trichophaeopsis were module hub species in PT
network. The hub species were saprotrophs and mycorrhizal fungi
that enhance plant nutrient uptake and development. AN was
important driver of modular structure in PT fungal network.
This suggests that fungal community tends to cooperate with
each other to resist stress. Fungi-fungi feedback under low soil
nutrition increases the stability and complexity of networks (Yang
et al., 2022a). Furthermore, the addition of urban sludge increased
modularity of network. In general, high modularity in the network
was more beneficial to increase asynchronism, thus reducing the
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influence of species loss on the overall network (Yang et al,
2022b). Moreover, the addition of urban sludge changed the soil
properties, and AP, TN, pH, AN, and Fe;Oj; significantly drive
modular structure in PUT fungal network. Notably, Fusarium that
are usually recognized as plant pathogens was hub species in PUT
network. Fusarium has strong competitive ability by mycotoxin
production (Karlsson et al., 2021). This suggests that pathogens
may suppress other fungal groups and led to the decrease of stability
and complexity of fungal network in PUT network.

5. Conclusion

In this study, we analyzed the fungal diversity and community
composition under plant and plant combined with urban sludge
treatments to remediate quartz tailings soil. The results suggest
that plant diversity determine soil fungal diversity. Plant or plant
combined with urban sludge significantly moderate acidification
condition and increase nutrients of tailings soil. Plant can recruit
beneficial fungi to improve their development and assist resist
stress. Effectively remediate tailings soil due to the improvement
of biological-chemical-physical properties. Fungal network is more
stable and complex in plant treatments while fungal network
is more fragile with the addition of urban sludge. AN and AP
enrichment in urban sludge may be important drivers for fungal
network. Future work should address the functional characters of
fungal community when tailings soil is remediated by plant or
urban sludge. Isolation and application of fungal functional groups
are vital for remediation of tailings soil.
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