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Introduction: Exploring the interactions between dark septate endophytes (DSE)
in plant roots across diverse heavy metal habitats—considering host plants,
site characteristics, and microbial communities—provides insights into the
distribution patterns of DSE in metal-rich environments and their mechanisms
for developing heavy metal resistance.

Methods: This study collected samples of three common plant species
(Phragmites australis, PA, Setaria viridis, SV, and Artemisia annua, AA) and
their corresponding soil samples from three heavy metal-contaminated sites:
Baiyang Lake, BY, Fengfeng mining area, FF, and Huangdao, HD. Utilizing high-
throughput sequencing and physicochemical analysis methods, the biological
and abiotic factors affecting DSE colonization and distribution in the roots were
investigated.

Results: Twenty-two DSE species were isolated and identified with 11 species
found in BY, 8 species in FF, and 11 species in HD. The screening for heavy
metal resistance discovered 10 heavy metal-tolerant DSE species. Soil available
phosphate, available nitrogen, and Cd contents, as well as the composition of
different root fungal communities, influence the resistance and distribution
of heavy metal-tolerant DSE. Notably, 12 DSE species, including Paraphoma
radicina and Paraphoma chrysanthemicola, were reported for the first time in
heavy metal habitats. The colonization rates of DSE in the roots of PA (96%) and
AA (76%) were highest in BY, while the highest colonization rate in the roots of
SV was observed in HD (94%). Site-specific soil parameters, such as available
K, organic contents, Zn, and Cd contents from different sites are the main
determinants affecting DSE colonization. Meanwhile, the diversity and richness
of other root-associated endophytic fungi, which varied considerably across
sites, served as significant biological factors influencing DSE distribution and
colonization.

Discussion: The results of this study provide a strong theoretical framework for
the effective utilization of DSE fungi to mitigate soil heavy metal pollution.

KEYWORDS
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GRAPHICAL ABSTRACT

1 Introduction

With rapid global industrialization, heavy metal pollution has
become a pressing global concern (Zheng et al., 2023). Due to their
high toxicity, non-degradability, and accumulation within organisms,
heavy metals pose persistent threats to environmental and human
health (Duan et al,, 2021; Li et al., 2022b). In plants, heavy metals
adversely impact cellular and molecular functions by inactivating
enzymes, denaturing proteins, disrupting the metabolism of essential
molecules, displacing necessary metal ions from biomolecules, and
compromising membrane integrity (Yaashikaa et al, 2022).
Consequently, effective heavy metal remediation has become a
priority in environmental management and sustainable development
(Yan et al, 2022). However, physical and chemical remediation
approaches are often limited by high costs and inefficiency (Patel et al.,
2022). In recent years, phytoremediation has gained attention for its
potential to mitigate heavy metal contamination, as plants can
accumulate and translocate heavy metals through their root systems.
Nonetheless, the reduced nutrient availability and elevated heavy
metal concentrations in polluted soils inhibit root growth, limiting the
effectiveness of phytoremediation. In this context, dark septate
endophytes (DSE) can form mutualistic relationships with plants,
enhancing host survival and promoting heavy metal uptake.
Additionally, DSE cell walls have the capacity to adsorb heavy metals,
further facilitating the remediation process (Jeyakumar et al., 2022).

DSE fungi represent an important group of root-associated
symbionts characterized by pigmented septate hyphae and
microsclerotia within plant roots (Jumpponen and Trappe, 1998).
Studies have shown that DSE are widely distributed across diverse
habitats worldwide. To date, 136 genera comprising 196 DSE species
have been isolated from the roots of various plants—including
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Phragmites australis, Oryza granulata, Setaria viridis, and Salvia
miltiorrhiza—inhabiting environments with heavy metals, drought,
wetlands, salinity, and tropical conditions (Hou et al., 2020; Li et al.,
2024; Xu et al.,, 2023). DSE are particularly prominent in these stress-
prone habitats. For example, under high salinity, DSE colonization
increases with salt concentration, alleviating host salt stress by raising
osmotic pressure and producing trehalose and mannitol. In drought
environments, DSE colonization enhance plant drought resistance by
boosting antioxidant activity and regulating osmotic balance (Li et al.,
2022a; Mateu et al., 2020). These findings underscore the critical role
of DSE in supporting plant survival under challenging conditions,
such as heavy metal toxicity, salinity, and drought stress.

DSE has demonstrated effectiveness in mitigating heavy metal
pollution through various mechanisms. For instance, Su et al. (2021)
reported that Falciphora oryzae, a DSE isolated from Oryza granulata,
effectively reduces cadmium (Cd) content in rice by employing metal
sequestration and chelation systems, thereby promoting plant growth.
Similarly, Wang et al. (2023) showed that inoculating maize with DSE
reduced Cd solubility and inorganic content, increased plant growth
regulator levels, and lowered abscisic acid (ABA) levels, resulting in
enhanced growth and reduced Cd toxicity. These studies highlight
DSE’s capacity to improve plant growth under metal stress,
underscoring its potential role in phytoremediation strategies.
However, conclusions derived from controlled inoculation studies
may not fully reflect the complexity of plant-fungal mutualisms in
natural ecosystems. Our understanding of the distribution patterns
and diversity of DSE in natural settings remains limited, which
restricts the effective utilization of DSE in environmental applications.
In natural environments, DSE distribution often varies according to
habitat conditions. For example, Li et al. (2024) reported significant
differences in DSE colonization across desert sites with varying
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properties, suggesting that DSE may exhibit habitat preferences. A
comprehensive understanding of these distribution patterns in natural
ecosystems remains a key focus of DSE research.

The colonization of DSE is influenced by plant species and soil
environments (Hou et al., 2019; Sudové et al., 2020). For the biological
factors, Han et al. (2021) assessed the DSE colonization rates in 25
medicinal plants and found a wide range of colonization, from 2.2 to
100%, with Taraxacum mongolicum in the Asteraceae family showing
the highest rate (100%). In stressed environments, such as deserts and
arid regions, soil factors like pH and organic matter content
significantly impact DSE colonization rates across sampling sites (Li
etal,, 2022b; Zuo et al., 2022). Similarly, in heavy metal-contaminated
environments, plant identity and environmental factors shape DSE
colonization. For instance, Xu et al. (2023) reported that soil pH and
Cd content significantly influenced DSE colonization across various
sites, while Becerra et al. (2023) found that DSE colonization in
Pb-polluted areas was strongly affected by soil metal concentrations,
plant species traits, and plant metal concentrations. The levels of heavy
metals and other abiotic factors, such as soil nutrients, significantly
influence the colonization of fungi like DSE. As heavy metal
concentrations in soil increase, microbial biomass carbon decreases
correspondingly. Heavy metals, including Cd, Zn, and Cu, can disrupt
cell structure and function, accelerate cell death, and inhibit microbial
activity or competitiveness, thereby affecting fungal colonization
(Tang et al., 2021). The colonization of DSE in the host relies heavily
on effective carbon sources from the soil. Organic carbon serves as the
primary carbon source for microbial communities, and the rate of
organic matter decomposition plays a crucial role in shaping DSE
colonization within the host (Han et al., 2021). Therefore, identifying
the key factors influencing DSE colonization is essential to optimize
DSE application in phytoremediation efforts.

Beyond plant species, interactions with other members of the
endophytic fungal community in the roots, may also influence DSE
colonization success. Within the root community, endophytes may
exhibit mutualistic or antagonistic interactions (Xu et al., 2020).
Fungal communities inhabit diverse ecological niches and engage in
complex interactions, competing for nutrients and space with other
fungi at both interspecific and intraspecific levels. These interactions
involve mechanisms such as competitive growth, antibiotic
competition, and direct parasitism of hosts at various life stages.
Additionally, some fungal species acquire nutrients by preying on
other fungi, insects, nematodes, and their surviving structures.
Endophytic fungi like DSE contribute to community formation by
fostering synergistic interactions (Piombo et al., 2024; Tao et al., 2023).
When DSE successfully colonize host roots, secretions from other
root-associated fungi can impact the mutualistic relationship between
DSE and the host plant, affecting both colonization intensity and the
production of growth regulators like auxin by DSE (Alzarhani et al.,
2019). Consequently, investigating the co-occurrence of DSE with
other endophytic fungi and their interspecies interactions is crucial
for a more comprehensive understanding of DSE distribution and
colonization patterns within root communities.

Although previous studies have demonstrated that DSE
distribution is influenced by multiple factors, most research has
focused on either biological or single abiotic factors (Sudovd et al.,
2020). To explore the combined influence of multiple factors—
including plant species, soil properties, and other endophytes—on
DSE colonization and distribution, we conducted a study across three
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heavy metal-contaminated sites: Baiyang Lake wetland (BY), Fengfeng
mining area (FF), and Huangdao coastal industrial district (HD) in
Qingdao city (Wang et al., 2024a; Zhang et al., 2024; Zheng et al,,
2023). These sites contain stress-tolerant plants—Artemisia annua
(AA), Phragmites australis (PA), and Setaria viridis (SV)—that are
widely distributed in each location (Nong et al., 2022; Tripathi et al.,
2020; Xu et al., 2023). Our investigation focused on the distribution,
species diversity, and soil properties associated with DSE across these
plant species. High-throughput sequencing was employed to analyze
the species composition of the entire root endophyte community,
followed by screening isolated DSE for heavy metal resistance.
We proposed the following hypotheses: (1) There are significant
differences in the colonization and isolation of DSE in various heavy
metal areas and among different plants; (2) the soil properties and
endophytic fungal communities in different heavy metal sites are the
main factors affecting DSE distribution.

2 Materials and methods
2.1 Collection of plant and soil samples

Samples were collected from three locations in northern China in
July 2023. Baiyang Lake (BY, 38° 43’ N, 115° 45" E) is situated near
Baoding City, Hebei Province, China. This lake, the largest wetland in
northern China with an area of 366 km?, has recently faced threats from
eutrophication and cadmium pollution. The Fengfeng mining area (FE
36° 20’ N, 114° 3" E) in Handan City, Hebei Province, is a coal and iron
ore production site affected by multiple heavy metals, including Cr, Cd,
and Cu (Song et al.,, 2023). The Huangdao coastal industrial site (HD, 35°
46N, 119° 54" E) in Qingdao City, Shandong Province, has experienced
significant biodiversity loss and soil contamination from heavy metals
and organic pollutants due to oil spills and industrial expansion (Wang
etal, 2024a; Zhang et al,, 2024; Zheng et al., 2023). The average annual
temperature of Baiyang Lake is 12.2°C, the average annual precipitation
is 563.9 mm. The average annual temperature of Fengfeng mining site is
15.7°C, the average annual precipitation is 1206.1 mm. The average
annual temperature of Huangdao is 13.9°C, the average annual
precipitation is 1213.7 mm. The vegetations in all three sites were
dominated with artemi-sinin produced Artemisia annua (AA),
hyperaccumulator Phragmites australis (PA), and drought resistant and
heavy metal tolerant plant, Setaria viridis (SV) (Nong et al., 2022; Tripathi
etal,, 2020; Xu et al,, 2023). At each site, three plots of 500 x 500 m* were
established, with distances of over 5 km between plots. Five replicates of
plant and soil samples were collected from a depth of 0-30 cm at each
sampling site. The samples were sealed in plastic bags, transported to the
laboratory, and immediately stored at —80°C.

2.2 Measurement of soil physiochemical
parameters

Soil pH was measured using a pH meter 3,000, following a 1:2.5
(v/w) soil-to-distilled water ratio and allowing the mixture to stand. Soil
organic matter (OC) content was determined using the ignition method
(Heiri et al., 2001). Available phosphorus (AP) was quantified via the
colorimetric method (Zuo et al.,, 2022), while available potassium (AK)
was determined using the sodium tetraphenylborate method (Chen
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et al,, 2023). Available nitrogen (AN) was assessed to determine soil
nitrogen availability, using the alkali hydrolysis diffusion method. Total
nitrogen (TN) and total phosphorus (TP) contents were analyzed using
a Smartchem 200 analyzer (Alliance, France) (Xie et al., 2017). Soil
alkaline phosphatase (ALP) activity was measured using a modified
Bremner and Tabatabai method (Tarafdar and Marschner, 1994), while
urease (URE) activity was determined with a modified Hoffmann and
Teicher colorimetric method (Hoffmann and Teicher, 1961). Heavy
metal concentrations (Cr, Zn, Cu, Mn, and Cd) in the soil were
measured via ICP-MS. For metal quantification, a mixture of 4 mL
HNO:;, 2 mL HCl, and 2 mL HF was used to decompose 0.3 g of each
soil sample (Liu et al., 2018). The concentrations of exchangeable heavy
metals (Cr, Zn, Cu, Mn, Cd) in soil were determined using the ICP-MS
method. For quantitative metal analysis, 8 mL of MgCl, solution was
used to extract exchangeable heavy metals from 1 g of each soil sample
(He et al., 2024).

2.3 Quantification of fungal colonization

Fresh root segments (0.5 cm) were excised and rinsed with sterile
water to remove any external soil particles and impurities. After heat
treatment in a 10% (w/v) KOH solution at 100°C for 1 h, the samples
were thoroughly rinsed with distilled water until the root segments
became translucent. The samples were then stained with a 0.5% (w/v)
acid fuchsin solution for 1 min. Following 3 days of decolorization
with glyceryl lactate, DSE infection and colonization structures were
observed under a light microscope. Fungal colonization within the
roots was assessed using the slide technique, with 30 random root
segments examined microscopically (Biermann and Linderman,
1981). The DSE colonization rate (%) was calculated as the proportion
of root segments colonized by DSE.

2.4 Isolation of root-colonizing DSE

For DSE isolation, three individual plants of each species were
selected at each site. From each plant, eighty 0.5-cm long root
segments were excised and sterilized in 75% (v/v) ethanol for 1 min,
followed by treatment with 2.5% (v/v) sodium hypochlorite for 2 min.
The segments were then rinsed three times in sterile distilled water (Li
etal, 2022b). Cultures were incubated on potato dextrose agar (PDA)
media supplemented with ampicillin (0.1 g/mL) and streptomycin
sulfate (0.1 g/mL) at 27°C in the dark for 5-7 days. Colonies exhibiting
dark mycelia were transferred to fresh PDA media for microscopic
and macroscopic examination (Maadon et al., 2018).

2.5 Molecular identification of DSE

Fresh mycelia (50 mg) of each DSE strain were selected, and DNA
was extracted using a DNA kit (Solarbio, China). The reaction system
included 1 pL of primer ITS4 (5°-TCCTCCGCTTATTGATATGC-3"),
1 pL of primer ITS5 (5-GGAAGTAAAAGTCGTAACAAGG-3),
7 pL of genomic DNA, 11 pL of ddH,O, and 20 pL of 2 x Es Taq
Master Mix. PCR amplification was conducted using a Life ECOTM
thermal cycler (BIOER, China) with the following protocol: an initial
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation
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at 94°C for 1 min, primer annealing at 55°C for 1 min, and extension
at 72°C for 1 min, concluding with an additional 10-min extension at
72°C. PCR products were then sequenced for analysis. Sequence
alignment was performed using MEGA 6.0 software, with BLAST
analysis through the National Center for Biotechnology Information
(NCBI), and type sequences were selected. A phylogenetic tree was
constructed using the maximum likelihood method to identify the
taxonomy of the DSE fungi (Tamura et al., 2013; Xie et al., 2017). DNA
sequences were submitted to GenBank with accession numbers
PP564791, PP564792, PP564793, PP564794, PP564795-PP564810,
PP564811, and PP564812. In total, 21 morphologically distinct DSE
strains were isolated from 2,160 root segments.

2.6 Diversity of the DSE community

Isolation frequency values (IFs) for each isolated DSE strain were
calculated by dividing the occurrence of each strain by the total
number of fungi isolated. DSE community diversity was assessed
using the Shannon-Wiener index (H) and Simpson index (1 — D) (Li

et al,, 2022b). The evenness index (J) was used to evaluate the
uniformity of DSE distribution:

H=-%(P)(InP)
D=3(P)
where ‘P’ is the colonization frequency of each DSE.

H
ln(S)

J=

where S’ is the total number of DSE strains.

2.7 Heavy metal tolerance of DSE

The screening for heavy metal stress-resistant DSE strains was
conducted in vitro, and these strains were selected from 22 DSE strains
isolated from plants. The experiment utilized modified Melin-
Norkrans medium (MMN) with the following composition: glucose
16.0 g; MgSO,-7H,0 0.15 g; CsH,0; 0.2 g; (NH,),HPO, 0.25 g; CaCl,
0.05 g; NaCl 0.025 g; vitamin B 100 pg; FeCl; 1.2 mL (1%); H,O
1,000 mL; Phytagel 9 g; and pH 5.5. The heavy metals selected were
Cd and Zn. Cd was applied at concentrations of 0 mgL™" and
40 mg L™! using a CdCl,-2.5H,0 solution, while Zn was tested at
concentrations of 0 mg L™ and 1,450 mg L™" using a ZnSO, solution
(Zhao et al., 2015).

2.8 lllumina sequencing and bioinformatics
analysis

Total genomic DNA was extracted from 5 g root samples of
P australis, S. viridis, and A. annua via the E.ZN.A.® DNA Kit
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(Omega Biotek, Norcross, GA, U.S.). The DNA quality was assessed
via 1% agarose gel electrophoresis and a NanoDrop® ND-2000
spectrophotometer (Thermo Scientific Inc.). The upstream primer
ITS1 region (ITSIF/ITS2, 5-CTTGGTCATTTAGAGGAAGTAA-3’
and 5-GCTGCGTTCTTCATCGATGC-3) were designed. PCR
amplification was performed via an ABI GeneAmp® 9,700 PCR
thermocycler (ABI, CA, USA). The amplification conditions were as
follows: 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C
for 30 s, and extension at 72°C for 30 s, followed by a final step of 72°C
for 10 min. The PCR products of the duplicate samples were examined
via 2% agarose gel electrophoresis. The PCR products were then
purified via the AxyPrep DNA Gel Extraction Kit (Axygen) for gel
recovery, and quantified via a Quantus™ Fluorometer (Promega,
USA). Finally, libraries were constructed via the TruSeq™ DNA
Sample Prep Kit. The raw sequencing data were submitted to the
NCBI Sequence Read Archive (SRA) database. The accession numbers
were PRINA1140829 (Phragmites australis), PRINA1140823 (Setaria
viridis), and PRINA1140832 (Artemisia annua).

The raw FASTQ files were demultiplexed and quality-filtered
using fastp, and sequences were merged with FLASH (Magoc and
Salzberg, 2011) based on specific criteria: sequences with ambiguous
bases, an average quality score below 20 bp, or lengths shorter than
50 bp were discarded. High-quality sequences were merged based on
overlapping regions between read pairs, with mismatches in primer
regions removed prior to downstream processing. Low-frequency
nonchimeric sequences and singletons were excluded. The optimized
sequences were clustered into operational taxonomic units (OTUs) at
a 97% similarity threshold using UPARSE 7.1, selecting the most
abundant sequence from each OTU as the representative. OTUs were
screened manually to remove chloroplast sequences found across all
samples, and OTU classification was carried out using the UNITE
fungal ITS database'. Community composition for each sample was
analyzed at various taxonomic levels.

2.9 Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistics 26
(SPSS Inc., Chicago, IL, USA). Differences in soil factors, DSE
colonization, community composition, and diversity among plant
species and plots were evaluated using one-way analysis of variance
(ANOVA). The diversity indices of the 22 isolated DSE were calculated
using the vegan and ggplot2 packages in R (version 3.3.1). The relative
effects of different sites and plant species on soil factors and
colonization were assessed via two-way ANOVA, with mean values
compared through Tukey’s honestly significant difference (HSD) test
(p < 0.05). Data visualization for soil physicochemical properties and
heavy metal contents was performed using Origin 2021 software
(Origin Lab, Inc., USA). Correlations between soil physicochemical
properties and dominant microorganisms with DSE colonization and
isolation frequencies were visualized using the GGally and rstatix
packages in R (version 3.3.1) and plotted via the ggpairs package.

Alpha diversity indices (Simpson, Chaol, and Shannon) were
calculated with mothur software. Venn diagrams were created using

1 https://unite.ut.ee/
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the Venn package in R to visually represent shared and unique OTUs
across different sites. Bar plots illustrating the composition of highly
abundant species in samples were generated with the barplot package
in R (version 3.3.1). Co-occurrence network analysis was conducted
using 6 R packages (igraph, psych, Hmisc, vegan, dplyr, and reshape2),
and microbial co-occurrence networks were constructed in Gephi
(version 0.10) to explore plant-fungi co-occurrence relationships
(Barberdn et al., 2011). Variance partitioning analysis (VPA) was
performed using the lattice, pheatmap, and vegan packages in R
(version 3.3.1) for statistical analysis and data visualization, examining
the effects of plant species, soil properties, and microbial communities
on DSE colonization and isolation. A structural equation model
(SEM) was applied to analyze the influence of soil factor content,
enzyme activity, and fungal community diversity on DSE colonization
and isolation, using AMOS 21.0 software.

3 Results
3.1 DSE colonization status

Hyphae and microsclerotium structures of DSE were observed in
the roots of PA, SV, and AA across the three sites (Supplementary
Figure S1). The septate hyphae, ranging from brown to dark brown,
penetrated both the epidermal and cortical cells of the plant roots
(Supplementary Figures S1A-T). Concatenated clusters of microsclerotia
were observed filling or colonizing multiple cortical cells
(Supplementary Figures SIA-I). DSE colonization rates varied by
sampling site and plant species (Supplementary Figure S1J). The highest
colonization rates in PA and AA roots occurred at BY, while in SV roots,
the highest rate was observed at HD. In both BY and FE PA roots
exhibited the highest DSE colonization rate, whereas in HD, SV roots
showed the highest colonization rate.

3.2 DSE species composition and diversity

A total of 84 DSE isolates were obtained and identified through
morphological and sequence analysis, representing 16 genera and 22
species (Figure 1C). These were as follows: Edenia gomezpompae (Eg,
Figure 2Aa), Exserohilum sp. (Esp., Figure 2Bb), Stagonosporopsis sp.
(Ssp., Figure 2Cc), Bipolaris sp., (Bsp., Figure 2Dd), Curvularia
buchloes (Cb, Figure 2Ee), Thielavia arenaria (Ta, Figure 2Ff),
Epicoccum keratinophilum (Ek, Figure 2Gg), Poaceascoma filiforme
(Pf, Figure 2Hh), Curvularia pseudointermedia (Cp, Figure 2Ii),
Paraphoma radicina (Pr, Figure 2Jj), Knufia tsunedae (Kt, Figure 2Kk),
Zopfiella marina (Zm, Figure 2L1), Meyerozyma guilliermondii (Mg,
Figure 2Mm), Exserohilum pedicellatum (Ep, Figure 2Nn),
Halobysothecium carbonneanum (Hc, Figure 200), Zopfiella pilifera
(Zp, Figure 2Pp), Towyspora aestuari (Tai, Figure 2Qq), Poaceascoma
helicoides (Ph, Figure 2Rr), Cladosporium sp. (Csp., Figure 2Ss),
Alternaria sp. (Asp., Figure 2Tt), Paraphoma pye (Pp, Figure 2Uu),
Paraphoma chrysanthemicola (Pc, Figure 2Vv). Their colonies on PDA
were primarily dark brown or black, with a few being gray (Figure 2).
The colony appearance was characterized by a felty or wooly texture,
with a few colonies exhibiting wavy margins and radial grooves.
Microscopic examination of the DSE isolates revealed predominantly
dark brown hypha with distinct septa.
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FIGURE 1

Proportion of endophytic fungal genera in the roots of three plants across three sampling sites (A,B) and the maximum likelihood tree of DSE (C). (a)
Phragmites australis; (b) Setaria viridis; (c) Artemisia annua; (d) Baiyang Lake; (e) Fengfeng mining site; (f) Huangdao; (g) Maximum likelihood tree
generated on the basis of the ITS region sequences of the isolated strains and their closest matches. Each scale bar represents a distance equivalent to
5% of the total nucleotide diversity. The sequences reported in this work are highlighted in bold.
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FIGURE 2
Twenty-two types of dark septate endophytes (DSE) were isolated from the roots of three plant species. (A—I) DSE isolated from Setaria viridis roots
grown on PDA media; (J—R) DSE isolated from Phragmites australis roots grown on PDA media; (S—V) DSE isolated from Artemisia annua roots grown
on PDA media; (a—v), Microscopic morphology of these DSE isolates. The arrows indicate the following: Hy, DSE hyphae; S, DSE spores.
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The isolation frequencies (IFs) of DSE were analysed on the basis of
variations in the sampling sites and host plants (Supplementary Table S1).
The results revealed a greater frequency of DSE isolation from BY and
HD, with PA and SV showing the highest IFs. Among the sampling
sites, Eg, Mg, Pf, and Ph presented the highest IFs in HD, whereas Csp.
had the highest frequency in FE With respect to the host plants, Eg, Ek,
and Pfpresented the highest IFs from SV; Mg and Ph from PA; and Csp.
from AA (Supplementary Table S1 and Figure 1). In PA, Mg was the
predominant species, Pf, Ek, and Eg were dominant in SV, AA presented
a Csp. as the dominant species. Esp., Ssp., Pr, Hc, Ek, and Kt were
exclusive to BY. Csp. was the dominant species in FE, Eg, Mg, Pf, and Ph
were dominant in HD, with Zm, Zp, Cp, Tai, Pp, and Pc being exclusive
to HD (Figures 1A,B).

Sampling sites and plant species had significant effects on DSE
diversity, as assessed by the Shannon-Wiener index, Simpson index, and
evenness (Supplementary Table 52). Two-way ANOVA results indicated
that DSE diversity index values differed significantly among plant
species (Supplementary Table S3). Specifically, in BY and HD, PA had
the highest Shannon-Wiener and Simpson indices compared to other
plants, whereas in FE, SV exhibited the highest values for these indices.
Differences in the evenness index across samples were not significant.

3.3 Soil physiochemical parameter

Soil factors were significantly influenced by site location, whereas
plant species and their interactions had no significant effect on most
soil parameters (Supplementary Table S4). Heavy metal concentrations
varied significantly among sites. Cd and organic carbon (OC) contents
were highest in FE with the trend FF > HD > BY (Figures 3H, 4A).
Additionally, Zn, Mn, Cu, and Cr concentrations were significantly
higher at HD than at other sites, following the order HD > FF > BY
(Figures 3K-N). Soil TN (total nitrogen), TP (total phosphatase), AP
(available phosphatase), AN (available nitrogen), and AK (available
potassium) contents, as well as ALP (alkaline phosphatase) and URE
(urease) activities, were significantly greater at HD than at the other
sites (Figures 3A-G). Among the active heavy metal concentrations in
soil, exchangeable Zn, Cu, and Mn reached their highest levels in HD,
while exchangeable Cd concentrations for AA and SV were highest at
the FF and HD sites. For PA, the maximum exchangeable Cd
concentration was observed only in HD. The exchangeable Cr
concentration followed an overall trend of BY > FF > HD. Correlation
analysis with soil factors revealed a significant positive relationship
between soil nutrients, enzyme activity, and the activity of
four heavy metals, excluding Cr. In contrast, exchangeable Cr
exhibited a significant negative correlation with these factors
(Supplementary Figure S2). No significant differences in soil pH were
observed across sites, with all sites exhibiting slightly alkaline soils
(Figure 31).

3.4 Root-associated fungal community
diversity

The species composition, community structure, and diversity
of root-associated fungi showed variable patterns across plant
species and sites. At the phylum level, Ascomycota and
Basidiomycota were the dominant fungal groups. Notably, there
was a higher richness of unclassified fungi in FF compared to other
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samples, and a greater prevalence of unknown fungal strains in AA
compared to other plants (Figures 5Ba,Ca). The Venn diagram
showed that the number of site-specific OTUs was highest for PA
in BY (38 OTUs), SV in HD (104 OTUs), and AA in FF (47 OTUs)
(Figures 5Ab,Bb,Cb). At the host plant level, the OTU count was
highest in HD for PA, SV, and AA, with 46, 128, and 53 OTUs,
respectively, and lowest in FE with 24, 22, and 37 OTUs,
respectively (Figures 6Ab,Bb,Cb). The Shannon index indicated no
significant differences in fungal diversity between plants and sites.
However, the Chaol index showed significantly higher fungal
community diversity in SV at HD compared to other plants
(p <0.05), with no significant difference between FF and BY
(Figure 5Cc). Additionally, fungal community diversity in SV at
HD was significantly higher than in other plants (p < 0.05), with no
significant differences observed among the other plants across
sampling sites (Figure 6Cc).

Co-occurrence network analysis was performed on the observed
OTUs to illustrate the general symbiotic model of root fungi across
different sampling sites and plant species (Figure 7). The dominant
root fungi, primarily from the Ascomycota and Basidiomycota phyla,
were present in all three plants. Across all plant species and sampling
sites, the networks were largely dominated by positive associations.
Networks for PA and AA had fewer nodes but higher modularity,
indicating more stable community structures, with PA exhibiting the
highest modularity indices (Figures 7A,B). SV formed the largest
network among the three plant species, involving the greatest number
of taxa but with the lowest modularity. Among the sampling sites, BY
formed the largest network, with a greater number of fungal groups.
Additionally, FF exhibited the highest modularity index and the
highest frequency of positive interactions within the community,
along with a higher node count, suggesting a more stable community
structure in FF (Figures 7E,F).

3.5 Screening for heavy metal-tolerant DSE

The 22 DSE strains predominantly exhibited brown, dark brown,
and grayish-brown colonies in heavy metal tolerance tests on MMN
media supplemented with Cd, Zn, or no heavy metal
(Supplementary Figure S3). Heavy metal stress affected colony
morphology; for example, Esp. and Asp. appeared grayish-white
rather than brown, while Ek showed lighter pigmentation and slower
growth under Cd stress. Growth diameters were measured to calculate
growth rates (Table S5). Under Cd stress, Eg, Ep, Bsp., Cb, Tai, Ph, and
Pc displayed significantly higher growth rates, indicating Cd tolerance.
Under Zn stress, Asp., Cp, and Pf showed lighter pigmentation and
slower growth, while Eg, Esp., Pr, Ep, Cb, and Ta exhibited significantly
higher growth rates, suggesting notable Zn tolerance. Notably, Eg, Ep,
and Cb displayed good tolerance to both heavy metals.

Among the heavy metal-tolerant DSE, Pc and Pr were detected in
the amplicon sequence dataset. Pr was isolated exclusively from BY
and the plant PA, while Pc was isolated solely from HD and the plant
AA. However, both were detected in plant roots from all three sites
through pyrosequencing. The co-occurrence network analysis
suggested that Pc’s distribution in BY was negatively affected by
unclassified fungi and positively influenced by Colletotrichum.
Poaceascoma inhibited Pc in FE, while Didymellaceae promoted it. The
presence of Prin FF was negatively impacted by Lasiosphaeriaceae and
positively influenced by Funneliformis sp. In HD, Pr was negatively
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FIGURE 3

Soil factors contents, and enzyme activities of three plant species across different sampling sites. (a) available phosphorus content; (b) available
potassium content; (c) available nitrogen content; (d) total nitrogen content; (e) total phosphorus content; (f) urease activity; (g) alkaline phosphatase
activity; (h) organic carbon content; (i) pH. PA, Phragmites australis; SV, Setaria viridis; AA, Artemisia annua; BY, Baiyang Lake; FF, Fengfeng mining site;
HD, Haungdao. The differences between the points were analysed by one-way analysis of variance (ANOVA). The error bars represent the standard
error (SE). According to the Tukey test, different letters above the error bar indicate significant differences at the p < 0.05 level.
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FIGURE 4
Soil total heavy metal concentrations and exchangeable heavy metal concentrations of three plant species across different sampling sites. (a) cadmium
content; (b) manganese content; (c) zinc content; (d) copper content; (e) total chromium content; (f) exchangeable cadmium content; (g)
exchangeable manganese content; (h) exchangeable zinc content; (i) exchangeable copper content; (j) exchangeable total chromium content. PA,
Phragmites australis; SV, Setaria viridis; AA, Artemisia annua; BY, Baiyang Lake; FF, Fengfeng mining site; HD, Haungdao. The differences between the
points were analysed by one-way analysis of variance (ANOVA). The error bars represent the standard error (SE). According to the Tukey test, different
letters above the error bar indicate significant differences at the p < 0.05 level.
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~
)
~—

Chao index of OTU level

~
)
~

Chao index of OTU level

~
(]
N’

Chao index of OTU level

Analysis of fungal diversity, richness, and community composition of three plant species across different sampling sites. (A) Baiyang Lake; (B) Fengfeng
mining site; (C) Huangdao. (a) Fungal community composition; (b) Fungal OTUs; (c) Fungal richness; (d) Fungal diversity. PA, Phragmites australis; SV,

p=0.6703 p=0.7326

"

sV

Shannon index o
~

ES

n

PA AA

4
| p=0.1931 3.3 p=0.1133
5 32
160-| el
150 E
140 % 2.9+
1304 i g 281
120-| £ 26
110-|
100-|
90
80

PA sV AA PA sV AA

500

p=0.02732 p=0.1479

450
ooy

-
=

PA

400+
350
300
250

200

-

PA

150

100

sV sV AA

affected by Gibberella intricans, while Pc promoted Pr presence. In PA,
Alternaria negatively affected Pc, while Pr had a positive influence; in
SV, Pc was negatively impacted by Preussia terricola, while
Chaetomium jodhpurense played a positive role. The presence of Prin
SV was negatively influenced by Acrocalymma vagum and positively
influenced by Cladorrhinum bulbillosum. Monosporascus sp. inhibited
Prin AA, while Agrocybe dura promoted Prin AA roots (Figure 7).
Soil factors associated with heavy metal sites and the top 15
dominant fungal genera identified by sequencing were selected for
correlation analysis with DSE colonization and isolation rates across
sampling sites. The analysis revealed that soil environment and the
Chaol index of root-associated fungi had varying impacts on the
DSE (Figure 8
Supplementary Figure S4). In BY, increased OC and Cr contents
correlated with higher IFs of Egand Ph. In FE, increased AP, AN, OC,
and Cd contents were associated with higher IFs of Ta, Eg, Bsp., and

isolation of heavy metal-tolerant and

Cb, respectively. In HD, increasing AP content was positively
correlated with Eg IFs, while TN content was significantly negatively
correlated with Pc IFs (Figure 8). Increasing richness of fungi such as
Sordariomycetes, Sarocladium, Marasmius, and Sordariales in BY
correlated with higher IFs of Esp., Bsp., Pr, and Ph. In FE, increasing
richness of Sarocladium, Poaceascoma, Agrocybe, and Alternaria
correlated with higher IFs of Ep, Cb, and Ta, respectively. In HD,
increased richness of Agrocybe, Sarocladium, Fusarium, and
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Paraphoma corresponded with higher IFs of Tai, Pc, and Eg
(Supplementary Figure S4).

3.6 Correlation analysis of DSE colonization
and isolation rates

Variance partitioning analysis (VPA) was conducted to quantify
the contributions of plant species, sampling sites, and soil variables to
DSE colonization and isolation rates (Figure 9). Plant species,
sampling sites, and soil variables collectively accounted for 94% of the
variation in DSE colonization and 28% of the variation in DSE
isolation. For DSE colonization rate, soil variables and sampling sites
explained 33.98 and 44.96% of the variation, respectively. For DSE
isolation rate, they accounted for 12.31 and 10.23% of the variation,
respectively. Different plant species contributed 9.01 and 2.75% to
DSE colonization and isolation rates, respectively. These findings
indicate that sampling sites and soil environments had a greater
impact on DSE colonization and isolation than plant species.

Structural equation modeling (SEM) revealed relationships
between soil factors, fungal community diversity across different sites,
and DSE colonization and isolation rates (Figure 10). In BY, the total
DSE colonization rate decreased with increasing Zn concentration and
URE activity, while it increased with higher levels of OC, AK, TN, and
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Analysis of the fungal diversity, richness, and community composition of different plant species across the three sampling sites. (A) Phragmites
australis; (B) Setaria viridis; (C) Artemisia annua. (a) Fungal community composition; (b) Fungal OTUs; (c) Fungal richness; (d) Fungal diversity. BY,

(d)

Shannon index values. The DSE isolation rate in BY increased with
rising URE activity but decreased with higher TN content. In FF, total
DSE colonization rate positively correlated with increasing Cd
concentration, TN, and AK contents, while it decreased with higher
OC and TP contents, ALP activity, and Chaol index values. DSE
isolation rate in FF increased with rising Cd and Cu concentrations,
ALP activity, and Chaol index but decreased with higher AK content
and Shannon index values, suggesting a positive influence of heavy
metal concentrations on DSE distribution in FE In HD, total DSE
colonization rate increased with higher OC and AK contents, Zn
concentration, and Chaol index, while it decreased with rising TP
content. The DSE isolation rate in HD increased with higher AK
content and URE activity but decreased with higher Cd and Zn
concentrations and Simpson index values. Notably, AK content
positively influenced DSE colonization across all three sites.

4 Discussion

4.1 Colonization and diversity of DSE in
heavy metal sites

This study demonstrates that environmental conditions and plant
species influence the colonization of DSE in heavy metal-contaminated
sites, with environmental factors having a greater impact on DSE
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distribution. Variation in DSE colonization rates across different heavy
metal sites highlights their role as key microbial community members
within plant roots in these challenging environments (Berthelot et al.,
2016; Likar and Regvar, 2013; Xu et al., 2023; Shadmani et al., 2021).
The root structure of different host plants can significantly influence
endophytic fungal colonization, as plants adapt to external stresses by
regulating nutrient transport through their roots (Hou et al., 2019).
Our findings indicate that PA and SV exhibited higher DSE
colonization rates, likely due to the strong anoxia tolerance and stress
resilience of the PA root system, as well as the effective pollutant
removal capacity of SV’s fibrous root system (Wang et al., 2024b;
Rezania et al., 2019). Environmental changes impact plant growth,
subsequently affecting the distribution and colonization of endophytic
fungal communities. The high DSE colonization rates observed in BY
and HD may result from a synergistic relationship between DSE and
their host plants.

The 22 isolated DSE strains belong to the Ascomycota phylum,
primarily within the Pleosporales order, consistent with previous
reports of DSE presence in heavy metal-contaminated sites (Ban et al.,
2017; Narendrula-Kotha and Nkongolo, 2017; Shadmani et al., 2021).
DSE often establish mutualistic relationships with their host plants
and are frequently isolated from plant roots in heavy metal
environments (Farias et al., 2019; Gucwa-Przepidra et al, 2013).
Notably, Ssp., Kt, Hc, and Ek were only found in BY; Ep, Cb, and Ta
were specific to FF; and Zm and Zp were unique to HD. These specific
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FIGURE 7

Co-occurrence network plot analysis of three plant species fungal community structure across different sampling sites. (A),Phragmites australis;
(B) Setaria viridis; (C) Artemisia annua; (D) Baiyang Lake; (E) Fengfeng mining site; (F) Huangdao.

distributions may be influenced by local microbial and soil properties
affecting host plant and endophyte activities. Soil organic carbon and
oxygen partial pressure are critical factors driving endophytic fungal
structure and function. Different endophytic fungal traits support
successful colonization, such as the ability to interact with host
immune systems, produce growth-promoting hormones, and adhere
to host substrates (Zuo et al., 2022). These traits can vary with soil
elements and the interactions with surrounding endophytic fungi,
contributing to the observed differences in DSE diversity and
community composition across environments (Philippot et al., 2023).

The DSE fungi identified in this study are distributed across
diverse habitats. For example, Eg, Pp, Ta, and Cb have been isolated
from desert plants, such as Haloxylon bunge, Corethrodendron
scoparium, and Gymnocarpos forss (Li et al., 2024; Zuo et al., 2022). In
contrast, Ph, Esp., Asp., Ep, Cb, and Pc have been isolated from plants
in heavy metal-contaminated sites, such as P. australis and Astragalus
membranaceus Bunge (Xu et al., 2023; Zhang et al., 2013). In this
study, 12 of the 22 identified DSE species are reported in heavy metal
habitats for the first time. For instance, Eg and Pr, previously identified
as DSE in desert environments, showed high drought resistance and
promoted plant growth under arid conditions (Li et al., 2024; Li et al.,
2022a). Ta, previously observed in arid soils, has demonstrated both
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heat resistance and the ability to degrade Bisphenol A (Mtibaa et al.,
2018). Our findings indicate that these DSE species, in addition to
their known stress-resistance properties, possess heavy metal
tolerance, underscoring the ecological significance of DSE for plants
thriving in heavy metal-stressed environments.

4.2 The effects of soil factors and microbial
community on DSE distributions

Our study found that soil organic carbon (OC) and available
potassium (AK) were the most significant factors influencing DSE
colonization, consistent with previous research (Anand et al., 2023;
Chen et al., 2022). Root endophytic fungi, particularly those within
the Ascomycota phylum, play an important role in regulating Na-K
ion channels and gene expression related to sodium-potassium
homeostasis in plants. During symbiosis with the host, these fungi
utilize potassium transporters to facilitate the exchange and transport
of potassium, effectively mediating soil potassium uptake and
enhancing its availability for host plants through close symbiotic
networks (Nieves-Cordones et al., 2016; Haro and Benito, 2019). OC
serves as the main carbon source for microbial communities, and the
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FIGURE 8

Pair plots of heavy metal-tolerant DSE isolation frequencies with soil factor contents and heavy metal concentrations. Asterisks indicate statistical
significance in ggpairs at * < 0.05; ** < 0.01; and *** < 0.001. A, DSE from Baiyang Lake; B, DSE from the Fengfeng mining site; C, DSE from Huangdao.

rate of organic matter decomposition can influence DSE colonization,
the colonization of DSE in the host utilizes soil available C sources to
a large extent. The presence of abundant soil TN also contributes to
OC content by reducing CO, emissions, thereby supporting DSE
colonization in N-rich environments like BY and HD (Han et al.,
20215 Guo et al,, 2021; Yuan et al., 2022). This explains the observed
positive correlation between DSE colonization and OC content in BY
and HD, where nitrogen levels are high.

Heavy metals, such as Zn and Cd, disrupt cellular structures and
accelerate cell death, creating stressful conditions for microbial
communities. Under heavy metal stress, fungal communities shift
from energy-consuming anabolism to energy-releasing catabolism.
During this process, the growth of fungal communities is suppressed,
leading to a decrease in their numbers, which in turn reduces the
diversity of root-associated mycorrhizal fungi in the soil (Tang et al.,
2021). This aligns with our findings on DSE distribution in BY and
HD. In FF, however, heavy metals appeared to positively influence
DSE distribution. This does not suggest that Cd and other metals

Frontiers in Microbiology

promote fungal growth; rather, it indicates that stable fungal
communities in FF possess strong chelation abilities and metal-
binding capacities, allowing them to produce extracellular polymeric
substances that mitigate heavy metal stress (Luo et al., 2022). The
stability observed in FF’s fungal community network, along with
DSE heavy metal resistance screening results, supports
this hypothesis.

Interactions among fungal species also play a key role in
adapting fungal communities to heavy metal pollution, which in
turn affects DSE distribution (Liu et al., 2019; Wang et al., 2019).
High-throughput sequencing and correlation analysis revealed that,
in addition to soil nutrients, the Shannon and Chaol indices of root
endophytic fungi significantly impacted DSE distribution across all
sites. Cooperative and competitive interactions among root
endophytic fungi enhance biological control by promoting
community diversity. These interactions stimulate fungi to release
various compounds, activating plant immunity and creating

favorable colonization conditions (Matrood et al., 2020; Tao et al.,
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Variation partitioning of DSE colonization and isolation frequencies by plant species, sampling sites, and soil variables. Plant, different plant species; soil,
soil variables (including AK, AN, AP, TN, TP, pH, OC, ALP, URE, Cd, and Zn); and sites, different sampling sites. (A), DSE colonization rate; (B), DSE
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A structural equation model was used to determine the causal relationships among the soil factor contents, enzyme activities, fungal community
diversity indices and DSE colonization and isolation. (A), Baiyang Lake; (B), Fengfeng mining site; (C), Huangdao. The solid lines and dotted lines
indicate positive correlation and negative correlation pathways, respectively. The width of the solid lines represents the magnitude of the causal
impact, whereas the numerical values near the arrows represent the standardized path coefficients (***correlation is statistically significant at a
significance level of p < 0.001). Cd, soil cadmium content; Zn, soil zinc content; Mn, soil manganese content; Cu, soil copper content; AK, soil available
K content; TN, soil total N content; TP, soil total P content; OC, soil organic carbon content; URE, soil urease activity; ALP, soil alkaline phosphatase
activity; CR, total colonization rate of DSE; IFs, the isolation rate of DSE; Chaol index, Fungal richness; Shannon and Simpson indices, Fungal diversity.

2023). Fungi from the Basidiomycota and Ascomycota phyla are
primary mediators in decomposing plant material due to their
hyphal structures and enzyme diversity, which enable them to
acquire abundant nutrients that DSE can utilize for colonization. In
cases where DSE cannot rely on decomposition, their high stress
tolerance and metabolic diversity allow them to maintain community
diversity and effectively compete with fungal other communities in
nutrient-limited environments (Sun et al., 2021). At the same time,
changes in soil conditions further regulate interactions between DSE
and their environment, indirectly influencing DSE activity. Elevated
P and K levels, along with increased enzyme activity, enhance the

Frontiers in Microbiology

availability of soil N and P, which in turn increase root fungal
diversity and richness (Shannon and Chaol indices) (Borase et al.,
20205 Teslya et al., 2024). Higher fungal diversity and richness
improves the availability of phosphatase transport proteins, boosting
metabolic activity, stress resistance, and resilience, thereby
facilitating fungal distribution in heavy metal-contaminated sites
(Chen et al,, 2022; Yu et al., 2024). Sequencing results showed the
highest fungal richness in HD and the lowest in FF. This trend was
mirrored in soil N and K content and enzyme activity, which
explained the higher DSE distribution in HD compared to the lower
distribution in FF.
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4.3 Growth and distribution of heavy
metal-tolerant DSE

Among the 22 tested DSE strains, 7 demonstrated strong
resistance to Cd stress, while 6 exhibited notable tolerance to Zn
stress. Under Cd stress, DSE mycelia were primarily grayish-white or
grayish-gray, indicating that Cd significantly inhibited melanin
production in DSE compared to both normal conditions and Zn stress
(Xu et al.,, 2023). The majority of these heavy metal-resistant DSE
strains were isolated from HD and FE, with fewer from BY. Most DSE
isolated from FF displayed high resistance to either Cd or Zn.
Correlation analysis of DSE colonization and the distribution of heavy
metal-resistant DSE suggests that differences in soil nutrients and
fungal community composition across sites likely contributed to this
pattern. FF’s higher heavy metal content and stable endophytic fungal
community allowed DSE to exchange nutrients with neighboring
fungi under high heavy metal stress. Through their strong chelation
systems and metabolic capabilities, these DSE could absorb and
transfer heavy metal elements, achieving high metal resistance while
mitigating stress effects (Tao et al., 2023; Luo et al., 2022).

Higher AN content in FF further supported the distribution of heavy
metal-resistant DSE by providing a rich energy source, optimizing their
growth conditions, and enhancing metabolic activity (Borase et al., 20205
Yu et al.,, 2024). The higher richness of endophytic fungi and soil AP
content also promoted the distribution of heavy metal-resistant DSE in
HD. Abundant endophytic fungi not only provided DSE with a
competitive advantage in root colonization and life cycle completion but
also facilitated increased hydrolysis of insoluble phosphorus in the
rhizosphere, enriching soil P content (Bini et al., 2018; Cheng et al.,
2022). Enhanced soil P levels support microbial diversity, increase
endophytic fungal activity, and improve DSE distribution in heavy metal
sites (Teslya et al.,, 2024; Xing et al., 2023). These factors collectively
influenced the distribution and metal resistance development of DSE.

The distribution of Pc and Pr varied across sites and was
influenced positively or negatively by interactions with other
endophytic fungi. Some of these endophytic fungi had been reported,
such as Alternaria, which often acted as a pathogen causing mycotoxin
contamination and consequently inflicted damage on the host, as well
as exerted antibacterial effects on the microbial community by
limiting the colonization and other life activities of other endophytic
fungi at the roots (Somma et al., 2019). Conversely, Colletotrichum,
although often reported as a pathogen causing anthracnose in various
plants, produces bioactive secondary metabolites like sterols, terpenes,
and pyrones, which may serve as energy sources for DSE and promote
their distribution (Kim and Shim, 2019). Differences in DSE
distribution observed in sequencing and isolation experiments
support the hypothesis of dynamic interactions among root
endophytic fungal communities, highlighting relationships of
mutualism and competition (Liu et al., 2019). These interactions are
likely key factors influencing DSE colonization and distribution.

5 Conclusion

This study identified environmental characteristics of different
plots as the primary abiotic factors influencing DSE colonization
and distribution. In the three heavy metal sites studied, DSE
showed a clear preference for specific plots, and 22 DSE species

Frontiers in Microbiology

10.3389/fmicb.2024.1527512

were isolated. Sequencing results indicated that the richness,
diversity, and structural stability of root-associated fungal
communities in different plots significantly affected DSE
distribution as biological factors. DSE achieved a significantly
higher root colonization rates in HD and BY compared to FF, and
more DSE isolates were recovered from the both sites. Therefore,
we conclude that fungal community diversity and soil nutrients,
including soil organic matters and available K contents, actively
influence DSE distribution in heavy metal habitats. The community
diversity and soil nutrients promoted DSE colonization in nutrient-
rich sites such as HD and BY. Furthermore, high heavy metal
pollution assembled endophytic fungal communities with stable
structure, and cradled DSE strains with higher resistance against
heavy metals. Our research on DSE distribution patterns provides
more efficient and valuable insights for the future collection of DSE
fungal resources, while the findings establish a robust theoretical
foundation for exploring and utilizing DSE fungi to mitigate soil
heavy metal contamination.
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