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Highlights

e Vegetation types and Cu together drive the fungal diversity.

e  Exophiala has potential as a biomarker species indicative of restoration progress.
e Variable selection process dominates fungal community assembly.

e Fungal communities resist environmental stress by species coexistence.
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Abstract

Soil fungi play an important role in the soil biogeochemical cycle and are
important biological indicators for the ecological remediation of mine tailings
contaminated sites, therefore understanding the characteristics of soil fungal
communities is a key aspect of pollution remediation. However, the influence of
biological factors on the characteristics of fungal community diversity; assembly
mechanisms and co-occurrence patterns of fungal community along environmental
gradients around tailings are not well understood. In this study, soil samples from
forest, agriculture and grass around tailings were collected to reveal the assembly
mechanisms and co-occurrence patterns of soil fungal community and to quantify the
contribution of abiotic and biotic factors to fungal diversity. The results suggest that
vegetation types and Cu concentration together drive the distribution of fungal
diversity. We found that Exophiala has potential as a biomarker species indicative of
restoration progress. Increased environmental stress accelerates the process of
changing fungal community assemblages from stochastic to deterministic, while also
allowing fungal communities tend to resist tailings-induced environmental stresses
through species coexistence. Together, this study provides new insights into the
influence of biological factors on fungal community diversity, as well as revealing
mechanisms of fungal community assembly and co-occurrence patterns, which are
important for understanding the maintenance mechanisms of fungal community

diversity and ecological remediation of tailings-contaminated soils.
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1. Introduction

Tailings are one of the main sources of heavy metal pollution in the mining
industry (Adiansyah et al., 2015), generating acid mine drainage (Ramdani et al.)
(Karaca et al., 2018). It is estimated that more than 10 billion tons of tailings are
produced every year in the world, causing huge heavy metal pollution (Xie and van
Zyl, 2020). Studies have demonstrated that heavy metals can severely disturb the
evolutionary process of soil microorganisms, thereby limiting soil functions (Gall et
al., 2015; Giller et al., 1998). In order to prevent continuing damage of the ecosystem
by heavy metal pollution, it is necessary to restore the soil around the tailings. It is
worth noting that irrespective of the adopted method for restoration, the
autochthonous microbial community is involved during all process. As an important
participant in the biogeochemical cycle, soil microbial community plays a key role in
the process of restoration, which has received extensive attention (Cavicchioli et al.,
2019; Jiao et al., 2022; Mohapatra et al., 2021).

Since Harris proposed that characterization of microbial communities could be
used to measure the progress of the restoration process (Harris, 2003), the
development of high-throughput sequencing technologies provides unprecedented
tools for the characterization of microbial communities widely used to identify
restoration biomarker (Mendez and Maier, 2008; Wang et al., 2012). In soil, both

fungi and bacteria play a key role in geochemical cycling, but fungi have a lower
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sensitivity in response to heavy metals than bacteria (Zhao, H.C. et al., 2021). This
feature gives the soil fungal community the potential to become a biomarker
indicative of ecological recovery of polluted soils. Disentangling the assembly
mechanisms of soil fungal community is essential to better understand the
maintenance and generation of fungal diversity. The structure and assembly processes
of fungal communities have been demonstrated to be influenced by abiotic and biotic
factors. During the phytoremediation of tailings, it has been shown that microbial
succession occurred mainly in the surface tailings (0-20 cm) when comparing a 60 cm
profile (Li et al, 2016). This result implies that the microbial community
characteristics of the topsoil can better reflect the restoration process. In tailings,
heavy metals are typical abiotic factors affecting the structure and assembly processes
of fungal communities (Beattie et al., 2018; Kandeler et al., 2000). It has been
confirmed that Cd, Pb, Cu, Zn and Cr were the main factors positively correlated with
Ascomycota and Basidiomycota, the most abundant fungal phyla in Pb-Zn tailings in
northwest China (Shen et al., 2022). It is important to note that the heavy metal
contamination from tailings is depending on the type of tailings, the time, and the
geographical environment (Liu et al., 2019). There are many studies demonstrating
that fungal communities in tailings are often closely related to plants. In copper
tailings, Erythrobasidiales sp. was found to be the key fungal species in the soil and
the phyllosphere of four native grass species (Jia et al., 2018). It has been shown that
the dark septate endophyte (DSE) fungi play a role in promoting plants for

bioremediation of mine waste in a semi-arid climate (Flores-Torres et al., 2021). Thus,
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vegetation is an important biotic factor in the study of fungal communities in
tailings-contaminated soils. Bacteria and fungi can form a range of physical
associations that depend on various modes of molecular communication for their
development and functioning (Deveau et al., 2018; Frey-Klett et al., 2011). It is
reasonable to speculate that bacteria have an important role in the process of fungal
community construction and assembly. However, little attention has been paid on the
influence of soil bacteria around tailings in the diversity patterns and assembly
processes of fungal communities.

Here, we hypothesize that (i) mechanisms for maintaining the diversity of fungal
communities are regulated by a combination of biotic and abiotic factors, and (ii)
fungal communities in different ecological niches have different assembly processes
and co-occurrence patterns. In the present study, we analyzed topsoil samples from
agriculture, forest and grass around active lead-zinc tailings in Guizhou province,
China, to gain a systematic and comprehensive understanding of the fungal
community. Specifically, we explored the diversity, assembly processes and
co-occurrence patterns of fungal communities in three vegetated soils around the
tailings and quantified the contribution of abiotic and biotic factors. This study
provides new insights for understanding the fungal diversity, assembly mechanisms
and co-occurrence patterns of the fungal communities, and provides theoretical

guidance for ecological remediation of polluted soils.

2. Materials and Methods
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2.1 Soil sampling

Total 15 sites were selected, 5 in forest, 6 in agriculture and 4 in grass around
tailings. The sampling sites extended from 26°2540" N to 26°26'18"N, and
105°38'30"E to 105°3927"E around active lead-zinc tailings. Forest soil is the
farthest from tailings, followed by Agriculture soil and then Grass soil. As the
succession of microbial communities in topsoil is more representative, a total of
approximately 50 g of soil was collected at 0-10 cm depth using a sterile spatula. The
soil samples were placed in 50 mL conical tubes and stored at -80 °C until further

analysis.

2.2 Determination of total metal(loid)s content

To determine the contents of total metal(loid)s, 0.1 g of sieved samples was
digested with a mixture of concentrated HCI, HNOs and HF (4:1:1, v/v) in a graphite
heating block until solid particles disappeared completely (Liu, B. et al., 2022).
Followed by measurements on an induced coupled plasma optical emission
spectrometry (iCAP 7000 SERIES, Thermo Scientific, USA). Standard reference
material (GSB 04-1767-2004, National Nonferrous Metal Analysis and Testing

Center) was employed for the purpose of quality confirmation.

2.3 DNA extraction and PCR amplification
Soil microbial communities were analyzed using high-throughput amplicon

sequencing (Liu et al., 2021). Total genomic DNA was extracted from approximately
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0.5 g of sample using FastDNA® SPIN Kit for soil (MP BIO, Qbiogene, USA)
according to the manufacture's protocol. The microbial communities were profiled by
targeting the V4 region of the 16S rRNA gene for bacteria, and the ITSI region for
fungi. The hyper-variable V4 region of 16S rRNA gene was amplified by the primer
pairs  ArBa5S15F (5’-GTGCCAGCMGCCGCG GTAA-3’) and Arch806R
(5’-GGACTACVSGGGTATCTAAT-3’) (Bates et al., 2011). The ITS1 region (~300
bp) was amplified wusing the specific primer sets of ITSI1-F
(5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS2-R
(5’-GCTGCGTTCTTCATCGAT GC-3’) (Bokulich and Mills, 2013). The amplicon
sequencing was performed on a high-throughput Illumina MiSeq platform at Majorbio

Bio-pharm Technology Co., Ltd (Shanghai, China).

2.4 Data processing and statistical analyses
The raw data and bioinformatics data were analyzed on the online platform of

Majorbio Cloud Platform (www.majorbio.com). Briefly, the paired-end reads

obtained from Miseq sequencing were first spliced according to the overlap
relationship, while the sequence quality was quality-controlled and filtered to obtain
an OTU table with 97% sequence identity. We calculated the Shannon and Chaol
index of a-diversity for bacteria and fungi, which were the most extensively used
(Macias-Perez et al., 2022). Non-metric multidimensional scaling analysis (NMDS)
were performed based on Bray-Curits distance of OTUs and analysis of similarities

(ANOSIM) with 999 permutations was used to detect statistical significances between
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microbial communities (both bacteria and fungi) in different groups (Clarke, 1993).
The composition of the fungal and bacterial communities at the phylum level was
calculated based on the OTU tables. An assessment of the high-dimensional microbial
taxa among the three vegetated soils was performed using the linear discriminate
analysis effect size (LEfSe) analysis with non-parametric factorial Kruskal-Wallis
(KW) sum-rank test (Segata et al., 2011). The variance inflation factors (VIFs) were
used for filtrating soil geochemical variables for Canonical correlation analysis (CCA),
in which VIFs greater than 10 were denied and the selected variables included pH, Fe,
Al, Cu, Ni, Pb, Zn, Cr, B and biotic factors (Shannon and Chaol a-diversity index for
bacteria, named biol and bio2 respectively). Variance partitioning analysis (VPA)
was used to quantify the relative explanations of metals and biotic factors on the
variances of total fungal community (Cohen et al., 2014). Mantel tests were used to
analyze the correlations between fungal communities and selected main
environmental factors (Mantel, 1966). Null model analysis was carried out using the
framework described by Stegen et al. (Stegen et al., 2013) to classify community pairs
into underlying drivers of deterministic and stochastic processes. Considering the
unreliable and less resolution of the phylogeny derived directly from ITS sequences,
we compiled the phylogenetic trees by the taxonomy to_tree.pl script using the OTU
taxonomy matrix (Tedersoo et al., 2018). The variation in phylogenetic or taxonomic
diversity was measured respectively using null-model-based phylogenetic B-diversity
metrics (BNTI). Co-occurrence patterns of fungal and bacterial communities with key

taxa were explored using "igraph" package with Spearman’s correlation, and
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visualized using the interactive platform Gephi (v0.9.2) (Bastian et al., 2009; Liu,
Bang et al., 2022). Without otherwise statement elsewhere, R environment (v4.0.2)

was used for data analyses and visualization throughout this study.

3. Results
3.1 The environmental stress induced by the active tailings
Physical-chemical parameters in soil samples were determined, including heavy
metal content (Pb, Zn, Cu, Cr, Ni), and other factors (Fe, Al, B, pH) (Fig. 1), to study
the environmental stress caused by the continuous accumulation of active lead-zinc
tailings. Only Cu exhibited a clear chemical concentration gradient (from 56.12
mg/Kg to 1.69 mg/Kg) across the three vegetated soils, with the relative highest Cu
concentration in the Grass soil, followed by Agriculture and Forest soils. The Pb, Zn
and Ni contents were significantly similar in the three types of vegetated soils, while
significant differences (Wilcoxon test, p<0.001) were observed for the Cr content.
However, the content of these metals was largely below the soil background value in
Guizhou Province, China (Wu, Z. et al., 2020), indicating that Cu was the main

environmental factor in disturbing the surrounding soil of tailings.

3.2 Patterns and drivers of a-diversity in fungal community around
active tailings
The a-diversity analysis was performed on rarefied OTU tables by resampling to

a minimum number of sequences obtained in a sample, corresponding to 28707 for
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bacteria and 55981 for fungi. Although we observed that the Shannon index of Grass
soil was lower than that of agriculture and forest soils, the difference was not
statistically significant. Also, a distinct decrease of the fungal richness was observed
(Fig. 2A). This suggests that the environmental stress caused by the tailings reduced
the abundance and decreased the diversity of the fungal community.

In order to find the factors driving the altered a-diversity of fungal communities
in three vegetation soils, we performed correlation analysis of environmental factors
(Fig. 2C) as well as linear regression analysis (Fig. 2D). Across all abiotic factors
(caused by tailings) and biotic factors, there was a significant negative correlation
between Cu and fungal community alpha-diversity. This result was confirmed by a
negative linear regression between Cu and Chaol (R* = 0.4, p = 0.011) and Shannon
(R* = 0.31, p = 0.031) index of fungal community. It is noteworthy that there is a
positive correlation between bacterial richness and a-diversity of fungal communities.
Positive linear regression between bacterial richness and a-diversity of fungal
community (Chaol, R* = 0.35, p = 0.019; Shannon, R* = 0.33, p = 0.024) was
confirmed this observation. We observed a positive correlation between B and Chaol
index of fungal community. The B is essential for plants (Camacho-Cristobal et al.,
2008). Its availability in soil and irrigation water is an important determinant of
agricultural production (Tanaka and Fujiwara, 2008). Many studies have
demonstrated that the content of B is positively correlated with the growth of
vegetation (O'Neill et al., 2001; Poudel et al., 2022; Shorrocks, 1997). Therefore, we

can use the content of B to indicate the growth of vegetation. It is thus likely that the
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relationship between plant and fungal communities is mutually beneficial rather than
competitive, which is consistent with other studies (Juge et al., 2021; Li et al., 2022).
These results illustrate that vegetation and Cu together drive the distribution pattern of

fungal community a-diversity in soils around tailings.

3.3 Exophiala has potential as a biomarker species indicative of
restoration progress

We compared the B-diversity of fungal communities in three vegetated soils to
explore the fungal species that could be used as potential biomarkers in the soil
around the tailings. The NMDS ordination based on Bray-Curtis matrix showed that
the fungal communities in the three vegetation soils had distinct segregation
characteristics (Fig. 2B, ANOSIM, stress: 0.141, R = 0.296, p = 0.005). This result
suggests that the disturbance of the surrounding soil by the tailings caused changes in
the structure of the fungal community. This observation was similar to the studies
reporting that plant species and heavy metals can significantly alter the B-diversity of
soil fungal communities (Li et al., 2021). For comprehensively understand the
differences in fungal community structure, we first profiled the soil fungal community
composition around tailings at different taxonomic levels (Fig. 3). We observed that
most of the sequences belonged to the phyla Ascomycota, Basidiomycota,
Mortierellomycota and so forth, which showed different cross-vegetation distributions
(Fig. 3A). Ascomycota were more abundant in Grass soil, while the relative

abundance of Basidiomycota was higher in Forest soil. The maximum OTU number
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(2266) was observed in Forest soil (Fig. 3C). The number of unique OTUs decreased
as follow Forest > Agriculture > Grass, consistent with the observation of a-diversity.
The fungal composition at the phylum and class levels (Fig. 3B, 3D) shows the fungal
community was dominated by Ascomycota in all soils, suggesting that members of
this class exhibit a broad range of life modes (Chen, X.F. et al., 2022). Particularly,
Ascomycota dominates the soil fungal community around tailings with heavy metal
contamination, which is consistent with the previous observations (Xiao et al., 2021;
Zeng et al., 2020). Similarly, Basidiomycota was present in all sites but its relative
abundance decreased as follow Forest > Agriculture > Grass, which may be explained
by stronger selection pressure closer to the tailings. Thus, Basidiomycota is sensitive
to the presence of metals indicating that it likely plays a role in environment with
relatively low pollution level, which is consistent with previous research (Lin et al.,
2019; Tian et al., 2017). The relative abundance of Chytridiomycota was higher in
Grass soil suggesting that Chytridiomycota can adapt to the presence of heavy metals.

We explored fungal species that differed significantly in relative abundance
among the three vegetation soils. The relative abundance distribution of these species
showed that nearly 40% of the species had a relative abundance of less than 1% (Fig.
4A), which can be considered as rare microorganisms. This finding suggests that rare
microbes are more sensitive to environmental changes, which is consistent with Xu's
observations (Xu et al., 2021). Paraphoma and Exophiala ranked top 2 in the linear
discriminant analysis (LDA) (Fig. 4B), being significantly more abundant in Forest

and Agricultural soils respectively. It is likely that they play an important role in the
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composition of the fungal community around the tailings. Exophiala has also been
shown to be present in the roots of Bengal asparagus from a mine smelter in Yunnan
Province, China, being highly resistant to heavy metals while promoting phosphorus
uptake by plants (Xu et al., 2020; Yu et al., 2021). In our study, the abundance of
Exophiala in the Agricultural soil reached a non-negligible 5.5%, indicating that it can
also accumulate in soil. These evidences, combined with the LDA results, suggest that
Exophiala has potential as a biomarker species indicative of restoration progress. We
also observed that the number of key species (LDA>2.5) in the fungal community of
Grass soil was lower than that of Agriculture and Forest soils, which may indicate that

aggregation processes occur in fungal communities in the Grass soil.

3.4 Factors responsible for the variance in fungal communities
Canonical correspondence analysis (CCA) and partition analysis of variance
(VPA) were performed to demonstrate the influence of environmental factors and
quantify their contributions (Fig. 5). The SF factors (B, Al, Fe, pH) were the main
factors responsible for the variance in fungal communities, followed by biotic factors
(Shannon and Chaol index of bacteria communities) and heavy metals (Cu, Pb, Zn,
Ni, Cr) (Fig. 5B). Notably, a-diversity of bacterial communities (biol and bio2)
explained 21.11% of the variance. It shows that the interaction between the bacterial
community and the fungal community plays a critical role on shaping the fungal
community structure. However, this critical interaction has always been overlooked

during microbial community construction in tailings environments. Unsurprisingly,
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heavy metals contributed the least to fungal community changes (10.67% of variance
explained independently). This result also confirmed that, in this case, heavy metals

significantly changed the abundance of the fungal community but not the diversity.

3.5 Assembly mechanisms of fungal community in the three vegetated
soils around tailings

We used the null model to investigate the assembly process of fungal
communities in three vegetation soils. The null model revealed that stochastic
processes (|BNTI| < 2) dominated the fungal community assembly in agriculture and
forest, while deterministic processes (|BNTI| > 2) dominated the fungal community
assembly in the Grass soil (Fig. 6A). Based on the null model results, the variable
selection process increased from agriculture to grass soils (Fig. 6B). The deterministic
process of fungal community assembly was significantly increased in all three
vegetation types, indicating that the fungal communities were disturbed by the tailings.
Therefore, we infer that the continuous accumulation of tailings leads to the
accumulation of heavy metals in the surrounding soil, which leads to changes in the
assembly processes driving the spatial distribution of fungal communities. And this
change is mainly dominated by the variable selection in the deterministic process,

which gradually increases with the environmental pressure.

3.6 Co-occurrence networks of fungal community in three vegetation

soils around tailings
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The properties of co-occurrence networks for fungal community differed among
the vegetation types (Fig. 7A). The network node number of fungal community in the
Grass soil was lower than in the Agricultural and Forest soils, indicating that the
community networks became less complex with an increase in environmental stress.
While, the fungal community of the Grass soil had the highest average degree and
average clustering coefficient among the three vegetated soils. This indicates a higher
degree of aggregation of fungal communities in The Grass soil. The co-occurrence
network of the three fungal communities showed clear modularity of taxa, but the
degree of modularity did not differ significantly. These results suggest that as
environmental stresses rise, fungal community network complexity decreases and taxa
cluster towards dominant species. The co-occurrence networks of fungal communities
in three vegetation soils confirmed this point (Fig. 7B).

It has been reported that species interactions can determine the functional
properties or ecological niche occupancy of microbial communities (Becker et al.,
2012; Freilich et al., 2010), and play an important role in stimulating ecosystem
processes (Bardgett and van der Putten, 2014). The relatively high number of nodes
detected in fungal communities in the Agricultural soil indicates a wider distribution
of interactions within the community (more nodes and lower clustering coefficients)
and a greater occupancy of ecological niches. We also found that fungal communities
in the Grass soil are dominated by a few core species and the taxa are decreasing in
association (lower node number and higher average degree). This observation

suggests that persistently increasing environmental stress triggers species coexistence
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within fungal communities, leading to microbial aggregation, which is consistent with
(Zelezniak et al., 2015). While species coexistence is generally viewed as one
potential outcome between two competing species, numerous community members
may be involved in this process (Gravel et al., 2011). It has been reported that species
coexistence, which is typically used in ecology and biogeography as a proxy for
species interaction in the community (Li et al., 2018), has a significant impact on
microbial community B-diversity (Gao et al., 2019). Therefore, we hypothesize that
species coexistence is also a non-negligible biological factor influencing the structure

of fungal communities.

3.7 Diversity and co-occurrence networks of bacterial community in
three vegetation soils around tailings

Soil bacterial communities were also investigated in order to gain a
comprehensive understanding of the effects of vegetation and Cu on soil
microorganisms. The results show that the alpha diversity of bacterial community in
three vegetation decreased in the following order (high to low): Forest > Agriculture >
Grass (Fig. 8A). In the grassland soil samples, fungal communities and bacteria
showed the same decreasing trend. The bacterial community structures have obvious
similarity (p>0.05) (Fig. 8B). We also found that Actinobacteriota, Proteobacteria,
Acidobacteriota and Chloroflexi dominated three bacterial communities, which
indicated that the composition of bacterial communities had no significant difference

in three vegetation (Fig. 8C). Although the networks of three bacterial communities
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show the similarly patterns (Fig. 8D-F), the attenuation of modularity degree was
observed in the network of bacterial community in Grass (Fig. 8F). Therefore, the
structure and co-occurrence patterns of the bacterial communities did not change
significantly. Compared to the results of the fungal community response, we suggest

that vegetation type exerted strong effects on fungal but not bacterial communities.

4. Discussion
4.1 Ecological restoration of active tailings needs to be carried out as
soon as possible

In the study here, we detected heavy metal concentrations in soil samples and
found that copper was the main environmental factor disturbing the soil around the
tailings. However, this result is not entirely consistent with findings from other
lead-zinc mine contaminated sites. Heavy metal contamination from a Pb-Zn tailings
pond in Spain that had been closed for nearly 20 years has been reported to be mainly
Pb, Zn, Cr and Cu (Rodriguez et al., 2009). We note that the pH range the soils
studied here was 5.56-6.79, while the pH range of the Spanish Pb-Zn mine soils was
3.02-8.20. Some studies have reported that under natural conditions, the tailings will
gradually complete acidification, forming acidic mine wastewater as well as leaching
of large amounts of heavy metals (Dold, 2014; Liu et al., 2019). Environmental
factors have been reported to influence the evolution and biogeochemical function of
microbial communities (Cherabier and Ferriere, 2022; Liu et al., 2020). Without any

treatment of the tailings, the microorganisms inhabiting soil around the tailings will
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be subject to continuous environmental stress, eventually impacting the evolutionary
direction and biogeochemical function of the microbial community. Therefore, we
speculate that the acidification process at the active Pb-Zn tailings in Guizhou, China,
has not yet allowed the migration of heavy metals from the tailings into the
surrounding soil. This also indicates that the remediation of contaminated soil around

the tailings is urgently needed.

4.2 Alpha diversity in three vegetation soils is taxonomically dependent
among fungi and bacteria.

We found a significant correlation of alpha diversity between fungal community
and bacterial community through linear regression analysis (Fig. 2D). Understanding
the correlation between fungi and bacteria is important for revealing the maintenance
mechanism of soil microbial diversity around tailings. In study here, this strong
correlation can be further explained as taxonomic dependency. Such cross-taxon
congruence can occur if different organisms covary in space regarding alpha or beta
diversity (Rooney et al., 2014). Wu observed that beta diversity in lake ecosystems
was taxonomically dependent across bacteria, diatoms and chironomids (Wu, K. et al.,
2020). This taxonomic dependence also widely exists between bacteria and fungi. For
example, studies have shown that the taxonomically dependent among bacteria and
archaea was observed in semi-arid lake ecosystems (Yuan et al., 2022). Soil bacteria
shows a high correlation with fungi in an arid inland river basin of northwest China

(Wang et al., 2017). Our results also support this conclusion, showing that taxonomic
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dependence between fungi and bacteria persists under tailings disturbance. This
suggests that we should consider the effects of cross-classification when undertaking

ecological remediation of tailings.

4.3 The response of fungal community to the disturbance of active
tailings is more significant

The finding of a strong positive correlation between bacterial abundance and
alpha-diversity of fungal communities prompted further research into the structure
and coexistence patterns of bacterial communities disturbed by active tailings. The
results show that the alpha diversity of bacterial community in three vegetation
decreased in the following order (high to low): Forest > Agriculture > Grass (Fig. 8A).
In the grassland soil samples, fungal communities and bacteria showed the same
decreasing trend. The bacterial community structures have obvious similarity (p>0.05)
(Fig. 8B). This means that the bacterial community structure did not show significant
changes in the three vegetated soils. Previous studies have shown that bacteria are
more sensitive to environmental changes than fungi. The results of Jiao et al. showed
that bacteria were more sensitive than fungi to changes in soil moisture (Jiao et al.,
2021). The results of Chen et al. suggest that soil bacteria are more sensitive than
fungi in response to N and P enrichment(Chen, Y.C. et al., 2022). Zhao et al. reported
a higher tolerance of fungi than bacteria when faced with Cd stress (Zhao, H. et al.,
2021). However, we obtained the opposite result. This may be the result of a balance

between the inhibitory effect on the bacterial community of risk factors released by
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the active tailings and the promoting effect of vegetation and soil factors on the
bacterial community. Although the networks of three bacterial communities show the
similarly patterns (Fig. 8D-F), the attenuation of modularity degree was observed in
the network of bacterial community in Grass (Fig. 8F). Under the same conditions, the
structure of the fungal communities in the three vegetation has changed significantly
(Fig. 2B), while the bacterial communities has a similar structure (Fig. 8B). The
results of co-occurrence networks also showed that the change of fungal community
could better reflect the impact of tailings on soil (Fig. 8D-F, Fig. 7). Therefore, fungal
communities have a more obvious response than bacterial communities in the face of
tailings disturbance and are better suited as biomarkers for the ecological recovery of

contaminated soils.

5. Conclusion

Our results reveal the distribution of fungal and bacterial diversity in the
surrounding soils of tailings. We provide evidence on the processes involved in
community assembly, highlighting the critical contribution of biological factors, the
vegetation and the Cu content together being the main drive of the fungal community
changes. We have also observed taxonomic dependence between fungi and bacteria
under tailings stress. We found that vegetation type exerted strong effects on fungal
but not bacterial communities. In response to increasing environmental stress, the
fungal community assembly processes are dominated by variable selection in

deterministic processes. It is likely that the fungal community around tailings tend to
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react to environmental stresses with a co-occurrence pattern of species coexistence.
This study provides new insights into understanding the diversity, assembly
mechanisms and co-occurrence patterns of the fungal community in tailings. Our
results fill a crucial gap in our understanding of fungal and bacterial interactions

within tailings-affected areas.
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Figure legends

Figure 1. Analysis of environmental factors in three vegetated soils. The detected
environmental factors include (A) heavy metal factors (Cu, Cr, Pb, Zn, Ni); (B) soil
factors (pH, Al, Fe, B) and biotic factors (Chaol and Shannon index of bacteria
community). Asterisk indicated statistically significance performed by Wilcoxon test
at * <0.05; ** <0.01 and *** <0.001 level.

Figure 2. Diversity of fungal communities in three vegetated soils and their driving
factors. (A) Shannon diversity index and Chaol richness index of fungal community
in three vegetated soils. (B) B-diversities of fungal community based on non-metric
multidimensional scaling (NMDS) analysis. (C) Correlation analysis of environmental
factors based on Spearman's correlation coefficients. Colors represent correlations,
and only data with p < 0.05 are shown. Chaol B and Chaol F represent the Chaol
indices of bacterial and fungal communities, respectively. (D) Relationships between
fungal o-diversity and the main drivers were estimated via linear least-quares
regression analysis.

Figure 3. Compositional characteristics of fungal communities in three vegetation
soils perturbed by active tailing diffusion. (A) A circos plot showing the taxonomic
distribution of soil fungal taxa among three vegetation soils at the phylum level. The
thickness of each ribbon represents the relative abundance of bacterial taxa assigned
to different phyla. (C) Venn diagram showing vegetation-specific and shared OTU in
three vegetated soils. (B, D) Fungal community compositions at class and phylum
level in three vegetated soils respectively.

Figure 4. (A) Differential species analysis and (B) linear discriminant analysis of
fungal communities in three vegetated soils. Data only show species with LDA > 2.5.

Figure 5. (A) Canonical Correspondence Analysis (CCA) plots showing the impact of
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metal and other factors on the indigenous fungal communities. Biol and bio2
represent the Shannon and Chaol indices of bacterial communities, respectively. The
length of arrows denotes the relative contribution of the variables on the fungal
community. (B) Variance Partitioning Analysis (VPA) showing the relative
explanations of HM (Cu, Pb, Zn, Ni, Cr), SF (Al Fe, B, pH) and Biotic factors (biol
and bio2) on the total variance of fungal community.

Figure 6. Deterministic and stochastic assembly processes in soil fungal community
formation. (A) Distribution pattern of BNTI in different fungal communities. (B) Null
model analysis of the fungal community assembly process.

Figure 7. Network analysis shows the co-occurrence patterns among three vegetated
soils. (A) The inner relationship of the co-occurrence networks among three
vegetation soils. The node average degree, modularity, average clustering coefficient
and max degree of fungal networks are shown in the figure. (B) The co-occurrence
networks of fungal community in three vegetation soils. A connection represents a
strong (r > 0.8) and significant (P < 0.01) correlation. The size of each node is
proportional to the number of connections (degree). Nodes are colored according to
modularity classes. The top 200 nodes are shown.

Figure 8. Characteristics of bacterial communities in three vegetation under the
tailings disturbance. (A) The Shannon and Chaol index of a-diversity of bacterial
communities. (B) P-diversities of bacterial communities based on non-metric
multidimensional scaling (NMDS) analysis. (C) The composition of bacterial
communities in three vegetation at phylum level. (D-F) The co-occurrence networks
of bacterial communities in Forest, Agriculture and Grass, respectively. A connection
represents a strong (r > 0.8) and significant (P < 0.01) correlation. The size of each
node is proportional to the number of connections (degree). Nodes are colored
according to modularity classes.
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Figure 1. Analysis of environmental factors in three vegetated soils. The detected
environmental factors include (A) heavy metal factors (Cu, Cr, Pb, Zn, Ni); (B) soil
factors (pH, Al, Fe, B) and biotic factors (Chaol and Shannon index of bacteria
community). Asterisk indicated statistically significance performed by Wilcoxon test
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Figure 2. Diversity of fungal communities in three
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vegetated soils and their driving

factors. (A) Shannon diversity index and Chaol richness index of fungal community

in three vegetated soils. (B) B-diversities of fungal

community based on non-metric

multidimensional scaling (NMDS) analysis. (C) Correlation analysis of environmental
factors based on Spearman's correlation coefficients. Colors represent correlations,
and only data with p < 0.05 are shown. Chaol B and Chaol F represent the Chaol
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Figure 3. Compositional characteristics of fungal communities in three vegetation
soils perturbed by active tailing diffusion. (A) A circos plot showing the taxonomic
distribution of soil fungal taxa among three vegetation soils at the phylum level. The
thickness of each ribbon represents the relative abundance of bacterial taxa assigned
to different phyla. (C) Venn diagram showing vegetation-specific and shared OTU in
three vegetated soils. (B, D) Fungal community compositions at class and phylum
level in three vegetated soils respectively.
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Figure 4. (A) Differential species analysis and (B) linear discriminant analysis of
fungal communities in three vegetated soils. Data only show species with LDA > 2.5.
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Figure 5. (A) Canonical Correspondence Analysis (CCA) plots showing the impact of
metal and other factors on the indigenous fungal communities. Biol and bio2
represent the Shannon and Chaol indices of bacterial communities, respectively. The
length of arrows denotes the relative contribution of the variables on the fungal
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and bio2) on the total variance of fungal community.
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Figure 7. Network analysis shows the co-occurrence patterns among three vegetated
soils. (A) The inner relationship of the co-occurrence networks among three
vegetation soils. The node average degree, modularity, average clustering coefficient
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and max degree of fungal networks are shown in the figure. (B) The co-occurrence
networks of fungal community in three vegetation soils. A connection represents a
strong (r > 0.8) and significant (P < 0.01) correlation. The size of each node is
proportional to the number of connections (degree). Nodes are colored according to
modularity classes. The top 200 nodes are shown.
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Figure 8. Characteristics of bacterial communities in three vegetation under the
tailings disturbance. (A) The Shannon and Chaol index of a-diversity of bacterial
communities. (B) p-diversities of bacterial communities based on non-metric
multidimensional scaling (NMDS) analysis. (C) The composition of bacterial
communities in three vegetation at phylum level. (D-F) The co-occurrence networks
of bacterial communities in Forest, Agriculture and Grass, respectively. A connection
represents a strong (r > 0.8) and significant (P < 0.01) correlation. The size of each
node is proportional to the number of connections (degree). Nodes are colored
according to modularity classes.



