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different ecological risk levels of
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Dale Li, Jianwen Chen, Xiujuan Zhang, Wei Shi and Junjian Li*

Institute of Loess Plateau, Shanxi University, Taiyuan, China

Objective: The potential ecological risk index (RI) is the most commonly
used method to assess heavy metals (HMs) contamination in soils. However,
studies have focused on the response of soil microorganisms to different
concentrations, whereas little is known about the responses of the microbial
community structures and functions to HMs at different Rl levels.

Methods: Here, we conducted soil microcosms with low (L), medium (M)
and high (H) RI levels, depending on the Pb and Cd concentrations, were
conducted. The original soil was used as the control (CK). High-throughput
sequencing, gPCR, and Biolog plate approaches were applied to investigate
the microbial community structures, abundance, diversity, metabolic capacity,
functional genes, and community assembly processes.

Result: The abundance and alpha diversity indices for the bacteria at different Rl
levels were significantly lower than those of the CK. Meanwhile, the abundance
and ACE index for the fungi increased significantly with Rl levels. Acidobacteria,
Basidiomycota and Planctomycetes were enriched as the RI level increased.
Keystone taxa and co-occurrence pattern analysis showed that rare taxa play a vital
role in the stability and function of the microbial community at different Rl levels.
Network analysis indicates that not only did the complexity and vulnerability of
microbial community decrease as risk levels increased, but that the lowest number
of keystone taxa was found at the H level. However, the microbial community
showed enhanced intraspecific cooperation to adapt to the HMs stress. The Biolog
plate data suggested that the average well color development (AWCD) reduced
significantly with Rl levels in bacteria, whereas the fungal AWCD was dramatically
reduced only at the H level. The functional diversity indices and gene abundance
for the microorganisms at the H level were significantly lower than those the CK.
In addition, microbial community assembly tended to be more stochastic with an
increase in Rl levels.

Conclusion: Our results provide new insight into the ecological impacts of
HMs on the soil microbiome at different risk levels, and will aid in future risk
assessments for Pb and Cd contamination.

heavy metals, ecological risk level, microbial function, microbial community
assembly, microbial structure
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Introduction

Healthy soils can sustainably support the survival of plants,
animals, and humans. They also provide a range of important
ecosystem services (Lehmann et al., 2020). A main threat to healthy
soil is heavy metals (HMs) contamination from human activities,
which include over-mining, smelting, pesticide spraying, and
indiscriminate dumping of waste rock and slag (Xiang et al., 2021;
Zerizghi et al., 2022). Excessive accumulation of Pb and Cd in soil
can contribute to growth inhibition and metabolic disorders in
plants, which result in a reduction in crop yield and quality (Shahid
etal, 2012; Wei et al., 2018). Low concentrations of Pb and Cd may
also be harmful to organisms at different nutritional levels in the
food chain (Vries et al., 2007). Many diseases affecting humans are
associated with HMs exposure. Cd can cause emphysema,
osteoporosis, and cancer in humans (Chen et al., 2018). Meanwhile,
Pb exposure can cause neurological changes and loss of function
(Huang et al., 2018). Scientific assessment of the ecological risks of
Pb and Cd contamination is essential to support sustainable
agricultural development and limit risks to human health.

The potential ecological risk index (RI) is an approach
commonly used to evaluate HMs pollution in soils (Cui et al.,
2022; Wei et al,, 2022). As a key parameter of the RI, the
applicability of toxicity factors (TF) in ecological risk assessments
for microorganisms has been poorly studied. Our previous
research has shown that the TF of Pb and Cd was more suited for
evaluating the impacts of HMs on microbial abundance and
diversity than their concentrations (Li et al., 2022). However, to
date, the main research focus has been on the impacts of different
concentrations of HMs on microbial communities (Fan et al.,
2021; Yang J. et al., 2022). Microbial responses to different RI levels
have not yet been adequately assessed. This limits our ability to
accurately evaluate the ecological risks of HMs contamination.

Soil microorganisms play an important role in various
biogeochemical processes including decomposition of soil organic
matter, humification, cycling of soil carbon and nitrogen, and
ecosystem function (Xing et al., 2022; Yang Y. et al,, 2022).
Microbial diversity tends to be enhanced by HMs stimulation at
low concentrations, whereas the stress impacts of HMs at high
concentrations may result in reduced microbial diversity and
abundance (Ma et al, 2021; Qi R. et al, 2022). Microbial
communities comprise few abundant species and numerous rare
species (Saunders et al., 2016). Both abundant and rare taxa have
been shown to respond differently to HMs stress (Wang M. et al.,
2022). Microbial interactions are essential for survival of
microorganisms in soils polluted with HMs (Chun et al., 2021;
Sun etal, 2022). Qi Q. et al. (2022) highlighted that the complexity
of microbial networks increases with HMs concentration.
Furthermore, community assembly is critical in assessing the
impacts of environmental contaminants on soil microbial
communities (Sun et al.,, 2021; Liu H. et al., 2022). Microbial
diversity, activity, stability, and assembly have been extensively
documented as important indicators for evaluating the impact of
different concentrations of HMs on microorganisms (Fierer et al.,
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2021; Ding et al., 2022; Nikitin et al., 2022). Despite this, how
microbial indicators and community assembly change as RI levels
increases remains unclear.

HM:s contamination can affect soil ecosystem functions (Jiang
et al.,, 2019). However, different microbial communities can have
identical ecosystem functions (Yang et al., 2021). This means that
only focusing on changes in microbial communities is insufficient
Evaluating the ability of
microorganisms to metabolize carbon sources immediately reflects

for identifying soil functions.

the metabolic demands of microbial communities exposed to HMs
(Borgulat et al., 2021). Soil microorganisms can also promote
carbon, nitrogen, phosphorus, and sulfur cycles (Tian et al., 2021;
Wang X. et al., 2022). Zhao et al. (2021) found that Cd contamination
stimulated nitrogen capture by microbial communities from initially
dissolved organic nitrogen to later refractory organic nitrogen. Xu
et al. (2021) showed that an increase in HMs concentrations
considerably increased carbon limitation. Therefore, it is worth
exploring how these functions change with RI levels.

In this study, we conducted soil microcosm experiments using
Pb and Cd at different RI levels, with the aim of investigating: (1)
responses of microbial community diversity and interactions, (2)
changes in microbial community metabolism and function, and (3)
microbial community assembly mechanisms. The findings of this
study will help to elucidate the responses of microbial indicators at
different RI levels and inform future scientific assessments and
ecological remediation practices for Pb and Cd contamination.

Materials and methods
Soil microcosm incubation

Soil samples were collected from the Tianlong Mountain Nature
Reserve (37°42'N, 112°27’E) in Shanxi Province, China. The soil
chemistry and HMs contents are described in Supplementary Table S1.
The specific steps and culture conditions for construction of the soil
microcosms have been described by Li et al. (2022). According to the
RI and RI calculation
(Supplementary Tables S2, S3), we conducted soil microcosms for low
(L, RI=100), moderate (M, RI=200), and high (H, RI=400) RI levels.
The original soil samples were used as the control (CK). The three RI

assessment  criteria formula

levels were reached by adding different amounts of Pb
(CH;C0O0),-3H,0 and CdCl,-2.5H,0. The specific additions were
based on previous research (Supplementary Table S4; Li et al., 2022).
Different treatments at the same RI level were treated as replicates.
There were five treatments for L level and six treatments each for M
and H levels, respectively. The soil samples were collected on day 45 of
each treatment prior to further analysis.

DNA extraction, gPCR, and sequencing

The E.Z.N.A® Soil DNA Kit (Omega BioTek, Norcross, GA,
United States) was used to extract the total DNA of the
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microorganisms from the soil samples (Franco Ortega et al.,
2018). qPCR was used to quantify 16S rRNA and ITS genes to
evaluate the abundances of bacteria and fungi, respectively. The
primer sequences used for high-throughput sequencing were the
same as those used for the qPCR analysis (Supplementary Table S5).
The 16S rRNA and ITS genes were sequenced with the Illumina
MiSeq platform using the PE300 (2 x 300) by Majorbio
Bio-Pharm Technology Co. Ltd. (Shanghai, China). The raw
sequences were analyzed according to the method described by
Pan et al. (2020). Alpha diversity indices, including ACE, Shannon,
and Phylogenetic Diversity (PD), were determined using the
Majorbio platform." The diversity indices here refer to the genetic
diversity indices.

Metabolic profile evaluation

The Biolog® ECO and FF plate (Biolog Inc., Hayward, CA,
United States) test methods were applied to assess the functional
metabolism of the bacterial and fungal communities, respectively
(Gryta etal., 2020). Biolog ECO plates are 96-well microplates that
contain 31 substrates in triplicate and three control wells without
a substrate (Feigl et al., 2017). The 31 carbon sources were
classified into six substrate groups, namely carbohydrates (12),
amino acids (6), polymers (4), carboxylic acids (5), amines (2),
and phenolic compounds (2) (Wasak et al., 2020). Biolog FF plates
contain 95 carbon substrates from eight biochemical groups,
namely carbohydrates (29), carboxylic acids (20), amino acids
(10), glycosides (4), polymers (5), polyols (10), amines and amides
(9), and miscellaneous (8) (Wasak et al., 2020). Each plate also
contains water as the negative control. The measurements were
made as described by Ge et al. (2018). Average well color
development (AWCD) was used to examine the carbon metabolic
activity of the microbial communities (Ge et al., 2018). The
Shannon-Wiener diversity index (H’), Simpson diversity index
(D), and McIntosh index (U) were calculated as functional
diversity indices, and all the formulas used are shown in
Supplementary Table S3.

High-throughput quantitative PCR of
functional genes

A total of 72 functional genes associated with C, N, P, and S
were measured using QMEC based on the high-throughput
quantitative PCR (HT-qPCR) technique (Guangdong Mega Gene
Technology Co., Ltd.). Target genes with amplification efficiencies
greater than the range (1.8-2.2) were eliminated (Jia et al., 2022).
The detection limit was set at a threshold cycle (CT) of 31. Each
qPCR response was performed in triplicate; all primer pairs are
summarized in Supplementary Table S5.
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Statistical analysis

One-way analysis of variance (ANOVA) was used to
determine the variability in bacterial/fungal abundance,
genetic diversity, functional diversity, AWCD, and functional
gene abundance among the different RI levels. According to
the Bray-Curtis dissimilarity metric (Katz et al., 2022), the
PCoA was used to investigate the differences in bacterial and
fungal community structures among all the samples. The
statistically significant differences among all the samples were
determined using PERMANOVA with the vegan package in R
(Stefanowicz et al., 2022). We divided the microbial taxa into
abundant (relative abundance > 1%) and rare (relative
abundance < 1%) taxa for community structure analysis (Vi
etal., 2022).

The online Molecular Ecological Network Analysis
(MENA) pipeline® used co-occurrence networks to assess
interactions between bacterial and fungal communities (Deng
etal., 2016). Based on the random matrix theory and Pearson
correlation coefficient, we conducted the network analysis by
selecting the operational taxonomic unit (OTUs) of bacteria
and fungi with relative abundances > 0.01%. The MENA
interface was used to determine the network topological
indices, including nodes, links, modularity (M), average
clustering coefficient (avgCC), and average path distance
(GD). According to the approach of Deng et al. (2012),
keystone taxa were distinguished based on within-module
connectivity (Zi) and among-module connectivity (Pi). The
stability of the microbial networks was assessed by calculating
the robustness and vulnerability of each (Yuan et al., 2021).
Robustness was defined as the random removal of 50% of the
nodes, and the results were based on 100 iterations of the
simulation. Vulnerability is represented by the maximum
vulnerability of the nodes in the network. ANOVA was used
to determine variability in the robustness and vulnerability
among different RI levels. A co-occurrence network of
bacterial communities and functional genes was generated
using data from all the samples. All the networks were
visualized using Gephi 0.9.2.

To identify the assembly mechanisms of the microbial
communities at different RI levels, R scripts were performed to
execute the neutral community model (NCM) and determine the
modified normalized stochasticity ratio (MST). In NCM, R* and
m represent the overall fit to the neutral model and estimated
migration rate, respectively (Sloan et al., 2006). The MST approach
enables the relative importance of deterministic and stochastic
processes to be quantified. This means that the community
assembly is dominated by deterministic processes for MST values
< 0.5 and stochastic processes for MST values > 0.5 (Ning et al.,
2019). The results of both methods were visualized using R
(v4.0.2).
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Results

Microbial community diversity and
composition

The qPCR results demonstrated that there was a significant
(p<0.05) decreasing trend in bacterial abundance and a significant
(p<0.05) increasing trend in fungal abundance with increasing RI
levels (Figures 1A,E). A total of 767,730 16s rRNA gene reads and
1,049,494 ITS gene reads were obtained for all the samples, which
could be clustered into 4,716 and 983 OTUs, respectively. The alpha
diversity results differed for bacteria and fungi. The ACE index for
bacteria (Figure 1B) and fungi (Figure 1F) showed trends similar to
those of abundance levels. The Shannon (Figure 1C) and PD
(Figure 1D) indices for the bacteria were significantly (p <0.05) lower
in the HMs treatments than in the CK. The Shannon index for fungi
(Figure 1G) showed no change in any of the samples. The PD index
(Figure 1H) for HMs treatment was significantly (p <0.05) greater
than that for the CK. The PCoA results showed a clear variation in
the bacterial (R*=0.379, p=0.02) and fungal (R*=0.638, p=0.001)
communities between the HMs-treated samples and CK
(Figures 11,]). These variations were also supported by the results of
the PERMANOVA tests (p<0.05; Supplementary Table SI).

The composition of the microbial communities at the phylum
level is shown in Figure 2. Across all the samples, the most
abundant bacteria phyla were found to be Proteobacteria,
Actinobacteria, Acidobacteria, and Chloroflexi, which dominated
more than 81% of the total sequences (Figure 2A). HMs
treatments enriched the relative abundance of Acidobacteria
from 8.49% (CK) to 17.18% (L), 19.04% (M), and 15.86% (H),
respectively. The fungal community (Figure 2B) predominantly
comprised Ascomycota, Basidiomycota, and Mortierellomycota,
which accounted for more than 86% of all fungi. The relative
abundance of Basidiomycota was lowest in the CK (16.64%) and
increased from 22.74% (L) to 34.75% (H) with increasing RI
levels. HMs contamination significantly altered the composition
of rare microbial phyla. Relative to the rare bacterial phyla
(Figure 2C), the relative abundance of Planctomycetes at the L
(0.75%), M (0.92%), and H (0.69%) levels was greater than that
of the CK (0.57%). For the rare fungal rare phyla, the relative
of Chytridiomycota,
Mucoromycota decreased following HMs treatment. At the L

abundances Olpidiomycota, and
level, Zoopagomycota (0.041%) and Glomeromycota (0.029%)
had the highest relative abundances (Figure 2D). The heat map
results also indicated that HMs stress did not monolithically
reduce or enrich the relative abundance of the microbial

communities at the genus level (Supplementary Figures S1, S2).

Networks and stability of microbial
communities

To investigate the influence of different RI levels on
microbial community interactions, we generated 12 networks
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using MENA (Figure 3). The topological properties of the
networks are listed in Supplementary Table S2. As the RI level
increased, simpler networks of microorganisms were observed.
Compared with the CK, the nodes, edges, avgCC, GD, and M of
the bacterial networks were reduced by the HMs. As the RI levels
increased, the nodes from 440 to 333, edges from 4,862 to 743,
and avgCC from 0.472 to 0.284 of the bacterial networks
continued to decrease. Meanwhile, the GD from 3.554 to 6.164
and M from 0.322 to 0.652 showed an upward trend
(Supplementary Table S2). The positive correlation ratio of edges
also showed an increasing trend, where the M (71.53%) and H
(85.89%) levels were greater than those of the CK (66.42%).
We calculated the robustness and vulnerability of the network
(Figure 3A) to investigate changes in the stability of the bacterial
networks under different RI levels. The robustness of the M and
H levels was greater than that of the L level and not significantly
different from the CK. The vulnerability of the H levels was
greater than that of the other levels. In the fungal networks, the
number of nodes (283) and edges (1,978) was the highest in the
CK. The positive correlation ratios for the edges from 56.83% to
77.79%, GD from 3.152 to 4.596, and M from 0.309 to 0.782
showed an increasing trend with increasing RI levels
(Supplementary Table S3). Robustness was significantly greater
in CK than in the other treatments (p <0.05), with a minimum
at the L level. Vulnerability was greater at the H level than at the
other RI levels (Figure 3B).

The symbiotic patterns of soil bacteria and fungi were
analyzed under different RI levels. Changes in the topological
properties, robustness, and vulnerability of the bacterial-fungal
networks were similar to those of the bacteria (Figure 3C;
Supplementary Table S3). HMs stress led to an increasing trend in
the ratio of positive correlations between bacteria and bacteria
(B-B) and fungi and fungi (F-F). The proportion of positive
correlations between bacteria and fungi (B-F) decreased with
increasing RI levels, but the ratio was greater than that of CK.

The keystone taxa of the different co-occurrence networks are
presented in Supplementary Figure S3. In the bacterial network,
5,4, 13, and 2 OTUs were defined as keystone taxa, respectively.
In the fungal network, there were only 7 OTUs in the CK, which
were recognized as keystone taxa. In the bacterial-fungal network,
5,19, 7, and 4 OTUs were identified as keystone taxa, respectively.
The taxonomic information for these keystone taxa is listed in
Supplementary Table S3. All the keystone taxa contained rare
phyla such as WPS-2, Chytridiomycota, and Armatimonadetes.

Metabolic characteristics of the microbial
communities

Variation in the AWCD for bacterial and fungal communities
at different RI levels is shown in Supplementary Figure S4. The CK
treatment for the bacteria and fungi exhibited higher AWCD than
the other treatments throughout the incubation period. The
AWCD at 168h indicated the optimum range of absorbance,
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FIGURE 1
Differences in the abundance, alpha diversity, and beta diversity of bacterial and fungal communities among the different R/ levels. Abundance of
bacteria (A) and fungi (E); ACE diversity index of bacteria (B) and fungi (F); Shannon diversity index of bacteria (C) and fungi (G); phylogenetic
diversity index of bacteria (D) and fungi (H); and the principal coordinate analysis of bacteria (I) and fungi (). Different lowercase letters indicate
significant differences among different R/ levels (p<0.05).

which was used to evaluate the functional diversity of the bacteria
and fungi.

For the bacterial communities, increased RI levels resulted in
significantly reduced AWCD (p <0.05) (Figure 4A), and the lowest
value was observed at the H level (0.028). HMs additions
significantly (p<0.05) reduced the functional diversity indices
(Figures 4B-D) at the H level but did not significantly affect the
Simpson and McIntosh indices at the L level (Figures 4C,D). For
the fungal communities, there were significant differences
(p<0.05) in AWCD between H and the other levels (Figure 4E).
The Shannon index (Figure 4F) did not significantly change as the
level of RI increased, while the McIntosh index (Figure 4H)
decreased significantly (p <0.05). The Simpson index for the M
and H levels was significantly greater than that for the CK
(Figure 4G).
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To further investigate how HMs alter the metabolic patterns
of soil microorganisms, six bacterial carbon sources (Figure 4I)
and eight fungal carbon sources (Figure 4G) were compared at
different RI levels. HMs addition significantly inhibited (p <0.05)
the use intensity of carbohydrates, carboxylic acids, polymers, and
phenolic compounds by bacteria when compared to the CK. The
use intensity of carbohydrates at the L level was significantly
higher than that at the M and H levels (p < 0.05). Meanwhile, other
carbon sources did not significantly differ among the L, M, and H
levels. In the fungal communities, carbohydrates, carboxylic acids,
glycosides, polymers, and miscellaneous were used more strongly
in the CK than in the L, M, and H levels. However, HMs stress
significantly promoted amino acid use (p <0.05). Polymer use also
significantly increased at the L and M levels when compared to
that at the CK and H levels (p <0.05).
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Relative abundance of the bacterial and fungal community phyla at different R/ levels. Abundant phyla for bacteria (A) and fungi (B); Rare phyla for
bacteria (C) and fungi (D).

Responses of microbial functional genes

To elucidate the responses of microbial functions to HMs,
63 functional genes involved in the carbon cycle (30), nitrogen
cycle (20), phosphorus cycle (8), and sulfur cycle (5) were
detected across all samples (Figure 5). Functional gene
abundance was highest at the L level (2.58 x 107 copies g7'),
followed by the CK (1.98 x 107 copies g™'), M (1.62 x 107 copies
g™"), and H (1.36 x 107 copies g™') levels (Figure 5A). Compared
with that in the CK, HMs stress significantly increased
(p<0.05) the gene abundance in relation to C degradation, C
fixation, P cycling, and N cycling at the L level. Meanwhile, it
showed significant inhibition (p <0.05) at the H level. There
were no significant differences in the abundance of S cycle
genes (Figure 5B). Further analysis was conducted to
investigate the variability of individual functional genes among
different RI levels (Figure 5C). At the L level, the abundance of
14 genes for C cycling, 10 genes for N cycling, and 3 genes for
P cycling, including cdh for degrading cellulose, acsA and acsB
involved in the acetyl coenzyme A reduction pathway, and
nirS1 and nirS3 involved in the denitrification functions, were
significantly higher (p <0.05). However, the abundance of most
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genes was reduced at the M and H levels, with 7 genes being
significantly repressed (p <0.05). This included the exoPG for
degrading pectinase, UreC for encoding urease, and ppx for
encoding exopolyphosphatase (Figure 5C).

Co-occurrence patterns of the functional genes and bacterial
genera were analyzed to explore the links between them. The
network only showed positive correlations between microbial
communities and functional genes (Figure 6). o__c_ BD7-11,
belonging to Planctomycetes of rare taxa, possessed the highest
degree of gene numbers attached to the node. It was positively
correlated with 22 genes, including smtA, nirS3, acsB, and
mmoX. Ralstonia, which belongs to the Proteobacteria of
abundant taxa, were also associated with smtA, nirS3, acsB, and
mmoX. This suggests that abundant and rare taxa may have the
same role in coding of functional genes under HMs stress.

Assembly processes of the microbial
community

To explore the relative importance of deterministic and
stochastic processes in shaping the microbial communities at
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different RI levels, bacterial and fungal communities were fitted
to the NCM (Figure 7). As the RI level increased, the goodness
of fit displayed a trend of decreasing and then increasing in the
bacterial and fungal communities, with the minimum at the L
level (R®=0.231 and R*=0.306). The goodness of fit of the
bacterial communities was similar between the H level
(R*=0.585) and CK (R*=0.576). However, the goodness of fit
of the fungal communities was greater for the H level (R*=0.62)
than CK (R*=0.51). The migration rate for the bacterial
communities showed the same trend as the goodness of fit,
with a maximum for the CK (m=1.666). However, the
migration rate (m=0.004-0.255) of the fungal communities
showed an increasing trend. We further employed MST to
determine the roles of deterministic and stochastic processes
in the microbial community assembly (Figure 8). HMs
additions significantly reduced (p <0.05) the MST values for
the bacterial community at the L (0.31) and M (0.34) levels.
Meanwhile, no significant differences were found between the
CK (0.48) and H (0.57) levels. There was an increasing trend in
MST values for the fungal community, and MST values were
significantly (p <0.05) higher at the L (0.45), M (0.52), and H
(0.54) levels than in the CK (0.27).
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Discussion

RI is one of the most used methods for evaluating soil HMs
contamination. Our study has shown that the microbial diversity
indices, and abundance are more highly correlated with the RI
levels than the concentrations of Pb and Cd (Li et al., 2022). To
date, studies have focused on the responses of soil microorganisms
to different concentrations of Pb and Cd. Meanwhile, research on
changes in microbial communities at different RI levels is lacking.
In this study, we conducted soil microcosm analysis at different RT
levels by Pb and Cd to investigate the responses of their
microbial communities.

HMs contamination can alter microbial abundance and
community diversity (Qi Q. et al., 2022). The alpha diversity index
of the microbial community gradually decreased with the increase
concentrations of Pb and Cd (Xiao et al., 2020). Similarly, the
abundance and alpha diversity index of bacteria at different RI
levels were found to be lower than those of the CK (Figure 1). In
contrast to bacteria, the abundance and ACE index of fungi were
found to increase significantly with RI levels (Figure 1). We found
that HMs had negative and positive effects on bacterial and fungal
PD indices, respectively (Figure 1D). These variations may
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be attributed to various factors. First, fungi are more resistant to
HMs than bacteria because they can produce mycorrhizae and
form a link with plant roots to increase resistance (Luo et al., 2014;
Qi R.etal., 2022). Second, the extra carbon released from bacteria
killed by the HMs could be used for fungal growth (Rajapaksha
et al., 2004). Finally, there may be antagonistic effects between
fungi and bacteria, and the reduction in bacteria due to HMs
toxicity may eliminate the competitive stress on fungus (Rousk
et al., 2008; Fernandez-Calvifio and Baath, 2016).
Proteobacteria, Actinobacteria, and Acidobacteria were the
dominant phyla for bacteria, and the dominant fungal phyla were
Ascomycota and Basidiomycota (Figure 2), which is consistent
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with the findings of previous studies (Lin et al., 2022; Ma et al.,
2022). The relative abundance of Acidobacteria and Basidiomycota
increased with RI level, which could be related to their adaptations
to HMs stress (Figure 2). Acidobacteria is resistant to HMs (Wang
et al., 2019) and critical for maintaining balance in ecosystems
because they can self-regulate (Chen et al., 2016). Basidiomycota
have been used previously to remediate HMs pollution (Hassan
et al., 2020). Some of the keystone taxa divided by the Zi-Pi
diagram were found to pertain to rare taxa in our study
(Supplementary Figure S3; Supplementary Table S7). o__c__
BD7-11, which belongs to Planctomycetes, possessed the highest
degree in the co-occurrence patterns of functional genes and
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bacterial genera (Figure 6). These results indicate that rare taxa
play vital roles in metal(loid) metabolisms and functional diversity
(Rocca etal., 2020). Rare taxa can also rapidly respond to maintain
community stability when faced with HMs stress (Zuo et al.,
2022). Planctomycetes can detoxify HMs by secreting extracellular
polymeric substances (Zhang et al., 2021). An increase in the
relative abundance of Planctomycetes with rising RI levels may
reduce the toxic effects of HMs (Figure 2C). The decrease in the
relative abundance of a large proportion of fungal rare taxa
indicated that HMs may destroy the stability of fungal
communities (Figure 2D). This was supported by the increase in
vulnerability at different RI levels (Figure 3B).

The number of nodes, edges, and avgCC values for the
bacterial, fungal, and bacterial-fungal networks reduced with
increasing RI levels (Figure 3; Supplementary Table S7). High
levels of HMs can disrupt cell structures and functions, accelerate
cell death, and inhibit microbial activity or competitive ability.
This can potentially reduce the complexity of the microbial
networks (Shuaib et al., 2021). Compared with CK, the GD and M
values increased with increasing RI levels. This shows that higher
RI levels may lead to greater distances and higher modularity
among nodes (Wan et al., 2020; Chen et al., 2022). Microorganisms
can respond to HMs stress through their interaction (Chun et al.,
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2021). In the present study, the proportion of positive links in the
bacterial, fungal, and bacterial-fungal networks decreased and
then increased. This indicates that microorganisms can resist HMs
stress through cooperation (Qi R. et al., 2022). From a microbial
community stability perspective, the robustness of the M level was
higher than that of the L and H levels. Meanwhile, the vulnerability
of the H level was greater than that of the L and M levels (Figure 3).
This may be owing to the moderate disturbance effect resulting in
a more stable microbial community at the M level (Bao et al,
2022). However, the toxic effects of the HMs at the H level were
too high causing the microbial community to rebuild (Chen et al.,
2022). Keystone taxa have been proven to significantly contribute
to the stability of microbial communities (Banerjee et al., 2018; Liu
S. et al, 2022). The smallest numbers of keystone taxa were
identified at the H level in all microbial networks, representing
further evidence that the H level severely reduces the stability of
microbial communities.

Microbial community diversity and composition under
HMs stress are closely related to community assembly
mechanisms (Sun et al, 2021). Quantifying the relative
importance of deterministic and stochastic processes can
provide a clearer understanding of microbial community
responses to HMs stress (Wang et al., 2021). The MST values of
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Co-occurrence network of bacterial communities and functional genes. The red links represent positive correlations.

all samples were significantly greater for bacteria than for fungi
(p<0.05; Figure 8A). This suggests that stochastic processes
contributed more to the bacterial community than to the fungal
community. This may be due to the size plasticity hypothesis
(body size effect), whereby smaller organisms (bacteria) are less
susceptible to environmental filtering than larger organisms
(Liu et al,, 2015). HMs contamination creates highly selective
stress on the microbial community (Laplante et al., 2013). The
microbial community assembly tends to be more deterministic
with increasing concentrations of HMs (Zhang et al., 2022).
However, our results show that the bacterial community
assembly at the L and M levels tended to be deterministic,
whereas the bacterial community assembly tended to
be stochastic at the H level. This may be because HMs stress at
H levels exceeds the tolerance range of the bacteria (Hassen
et al,, 1998). The bacterial diversity and abundance were
significantly reduced (Figure 1), and the vulnerability of the
bacterial community (Figure 3A) increased, leading to the
reconstitution of the bacterial community in which stochastic
processes dominate. The ability of microorganisms to diffuse in
different environments can also lead to different assembly
mechanisms (Walters et al., 2022). Although the addition of Pb
and Cd limited the migration rate of the bacteria compared to
the CK, the increased migration rate of bacteria with increasing
RI levels also caused the assembly process to tend toward being

Frontiers in Microbiology

10

stochastic (Figure 7). HMs treatment resulted in fungal
community assembly being dominated by stochastic processes,
which is in line with previous findings (Liu B. et al., 2022).
The toxicity of HMs may affect the growth of fungi, thereby
reducing taxon colonization and greater exclusion (Feng et al.,
2018). We found no significant differences in MST values
among the different RI levels (Figure 6). This may be owing
to the high tolerance of the fungal community weakening
the environmental filtering of different levels of HMs
(Wang W. et al., 2022).

Metabolic functions of microorganisms can be regulated to
adapt to changes in their surroundings (Tikariha and Purohit,
2019). Xiao et al. (2020) reported that HMs significantly reduce
the metabolic activity of bacteria. We also obtained similar
findings showing that AWCD was found to decrease significantly
with RI levels in the bacterial community (Figure 4A). However,
the fungal AWCD was significantly reduced only at the H level
(Figure 4E). This suggests that the metabolic capacity of fungi is
more stable than the bacterial metabolic capacity in HMs
contamination (Stefanowicz et al., 2008). This difference may
be caused by resistant fungal species that do not need to compete
for the same C source as more sensitive bacterial species that are
killed or show depleted activity in polluted soils (Moller et al.,
1999). The catabolism of carbohydrates, carboxylic acids, and
polymers was particularly sensitive to HMs toxicity (Muniz et al.,

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1072389
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Lietal 10.3389/fmicb.2022.1072389
A
g
E -cw
g
<
= 9 -
g s | T
S z
S e
m g
g
= R>=0.231
m=0.371
0 == T T T T T L
-5 —45 -4 -35 -3 25 -2 -1
E
g
£
E .
E]
. 8
B g
= e 1 ] emm== T e e - - - - - -
= &
g
g .
=
£
R*=0.306
m=0.106
T T
-2 -1
Mean Relative Abundance (log10)
FIGURE 7

respectively.

Fit of the NCM for community assembly. Bacterial community assembly at different R/ levels (A—-D). Fungal community assembly at different R/
levels (E-H). The solid blue line indicates the best fit to Sloan's neutral model. The dashed blue lines represent 95% confidence intervals around
the model prediction. OTUs with frequencies higher and lower than the predicted occurrence frequency by NCM are shown in blue and red,

A . _ B . c .
Microorganism Bacteria Fungi
% 1.00 1.00 1.00
g 075 b 075 2 0.75 5
i |
$5050r —4-———F—-4 050t_L_ b Il os0f--__ ~ == 9
5= b ]
) T bl'
2 025 0.25 |1 025 | —F 1
=
S 1
= 0.00 0.00 0.00
Bacteria  Fungi CK L M H CK L M H
FIGURE 8

The MST ratio of microorganisms (A), bacteria (B), and fungi (C). The dotted line at 0.5 is the boundary point between more stochastic (MST>0.5)
and deterministic (MST<0.5) assembly processes. Different lowercase letters indicate significant differences among the different R/ levels (p<0.05).

2014). Bacterial use of these three carbon sources was significantly
lower than that in the CK (p<0.05, Figure 4I). For fungi, HMs
treatment was found to reduce carbohydrate and carboxylic acid
use while increasing amino acid use (Figure 4]). This was likely
due to metal stress inducing a variety of cellular detoxification
mechanisms in microorganisms, including protein and amino
acid macromolecules (Hall, 2002). This can be metabolized by
microbial species that are better able to use amino acids than other
carbon sources (Kenarova and Boteva, 2015). The effect of HMs
on microbial functional diversity is lower with low to moderate
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soil contamination (Kenarova et al., 2014), and diversity is
substantially reduced under high HMs contamination (Gremion
et al.,, 2004). We also found that the functional diversity index of
microorganisms at the H level was significantly lower than that
in the CK.

The findings of the present study show that the abundance
of C, N, and P cycling genes was significantly different among
the various RI levels, with the smallest total abundance at the
H level (Figure 5). However, the level of HMs contamination
has no significant effect on functional gene abundance (Luo
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et al, 2020; Qi Q. et al., 2022). The possible reasons for these
disparities are the concentration and type of contaminating
metals, such as Pb and Cd, being unnecessary and likely
dangerous to microorganisms (Shuaib et al., 2021). Inorganic
polyphosphate (polyP) is a highly effective complexing agent
for metal ions (Lin et al., 2021). In Escherichia coli, cells with
high polyP content were more tolerant to Cd** than those with
low polyP levels (Keasling and Hupf, 1996). Meanwhile,
enzymes that degrade polyP are also essential for bacterial
tolerance to HMs (Keasling et al., 2000). The ppx gene encoding
exopolyphosphatase to hydrolyze polyP was significantly lower
in abundance with HMs treatments than in the CK (Figure 5C).
This may account for the decrease in bacterial abundance and
diversity (Figure 1). UreC is one of the critical genes for
bacterial urease production because it encodes the largest alpha
subunit of urease (Yin et al., 2021). Urease released by bacteria
regulates the hydrolysis of urea to CO;*” and NH,". NH,*
releases NH,, which increases the pH. Cd** or Pb** combines
with CO;*"to form CdCO; or PbCO; precipitate (Han et al.,
2020). The reduction in UreC abundance at the M and H levels
suggests that the urea hydrolysis process is affected, which
affects the microbially-induced carbonate precipitation of HMs
(Figure 5C).

Conclusion

In this study, we explored the abundance, structure,
diversity, function, metabolism, and assembly processes of
microbial communities in response to Pb and Cd stress at
different RI levels. Bacteria were found to be more sensitive to
changes in the RI levels than fungi. This was supported by the
significant reductions in the bacterial abundance and alpha
diversity index with HMs stress, and the considerable decrease
in AWCD of the bacteria as the RI levels increased. However,
the abundance and ACE index of the fungi increased
significantly with RI level, and the fungal AWCD was only
substantially reduced with the H level. The rise in RI levels
disturbed the relative abundance of the microbially abundant
and rare taxa, including Acidobacteria, Basidiomycota, and
of the
co-occurrence patterns showed that rare taxa play a vital role in

Planctomycetes. Analysis keystone taxa and
microbial community stability and function. The number of key
taxa was lowest at the H level, and we found that the complexity
and vulnerability of the microbial network decreased as the RI
level increased. Meanwhile, the intraspecific cooperation of the
microbial community was enhanced to cope with HMs stress.
Metabolically, HMs treatment reduced carbohydrate and
carboxylic acid use by bacteria and fungi, and the functional
diversity index of the microorganisms at the H level was
significantly lower. Functional analysis suggested that the
abundance of the C, N, and P cycling genes was significantly
different among the various RI levels, with the lowest abundance

being found at the H level. We also found that the microbial
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community assembly tended to be more stochastic as the RI
level increased. However, this requires further investigation.
This study has expanded on our previous research and provided
a detailed examination of microbial responses to Pb and
Cd contamination.

Data availability statement

The data presented in the study are deposited in the NCBI
repository, accession number PRJNA899377.

Author contributions

DL conducted the experiment and wrote the main manuscript.
JC helped with the experiment design and prepared data analytical
methods. XZ helped with the soil microcosm experiment. WS
helped with the writing and revision of the language. JL was
responsible for project administration and funding acquisition.
All authors contributed to the article and approved the
submitted version.

Funding

This study was supported by the National Natural Science
Foundation of China (grant nos. U1910207 and 41771548) and
the Natural Science Basic Research Program of Shanxi Province
(grant no. 202103021224031).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1072389/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1072389
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1072389/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1072389/full#supplementary-material

Lietal.

References

Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. (2018). Keystone taxa as
drivers of microbiome structure and functioning. Nat. Rev. Microbiol. 16, 567-576.
doi: 10.1038/s41579-018-0024-1

Bao, T., Jiao, X., Yang, X., Xu, M., Li, W,, Qiao, Y., et al. (2022). Response dynamics
and sustainability of the microbial community structure in biocrusts to moderate
disturbance: results of long-term effects. Geoderma 405:115460. doi: 10.1016/j.
geoderma.2021.115460

Borgulat, J., Borgulat, A., Nadgérska-Socha, A., and Kandziora-Ciupa, M. (2021).
Assessment of heavy metals contamination in soils in the Beskidy mountain forests and
their potential impact on soil enzyme activities and microbial community. PREPRINT
(Version 1) available at Research Square. doi: 10.21203/rs.3.rs-355931/v1,

Chen, X,, Du, Z,, Guo, T., Wu, J., Wang, B., Wei, Z,, et al. (2022). Effects of heavy
metals stress on chicken manures composting via the perspective of microbial
community feedback. Environ. Pollut. 294:118624. doi: 10.1016/j.envpol.2021.118624

Chen, Z., Pan, X., Chen, H., Guan, X., and Lin, Z. (2016). Biomineralization of Pb
(II) into Pb-hydroxyapatite induced by Bacillus cereus 12-2 isolated from Lead-Zinc
mine tailings. J. Hazard. Mater., 301, 531-537. doi:10.1016/j.jhazmat.2015.09.023

Chen, H., Zhang, W,, Yang, X., Wang, P,, McGrath, S. P,, and Zhao, F. J. (2018).
Effective methods to reduce cadmium accumulation in rice grain. Chemosphere 207,
699-707. doi: 10.1016/j.chemosphere.2018.05.143

Chun, S.J., Kim, Y. J., Cui, Y., and Nam, K. H. (2021). Ecological network analysis
reveals distinctive microbial modules associated with heavy metal contamination of
abandoned mine soils in Korea. Environ. Pollut. 289:117851. doi: 10.1016/j.
envpol.2021.117851

Cui, M., Xu, S., Song, W, Ye, H., Huang, J., Liu, B,, et al. (2022). Trace metals,
polycyclic aromatic hydrocarbons and polychlorinated biphenyls in the surface
sediments from Sanya River, China: distribution, sources and ecological risk.
Environ. Pollut. 294:118614. doi: 10.1016/j.envpol.2021.118614

Deng, Y, Jiang, Y. H., Yang, Y., He, Z., Luo, E, and Zhou, J. (2012). Molecular
ecological network analyses. BMC Bioinformatics 13, 1-20. doi: 10.1186/1471-
2105-13-113

Deng, Y., Zhang, P, Qin, Y.],, Tu, Q. C,, Yang, Y. E, He, Z. L., et al. (2016). Network
succession reveals the importance of competition in response to emulsified vegetable
oil amendment for uranium bioremediation. Environ. Microbiol. 18, 205-218. doi:
10.1111/1462-2920.12981

Ding, J., Travers, S. K., and Eldridge, D. J. (2022). Microbial communities are
associated with indicators of soil surface condition across a continental gradient.
Geoderma 405:115439. doi: 10.1016/j.geoderma.2021.115439

Fan, D, Sun, J., Liu, C., Wang, S., Han, J., Agathokleous, E., et al. (2021).
Measurement and modeling of hormesis in soil bacteria and fungi under single and
combined treatments of cd and Pb. Sci. Total Environ. 783:147494. doi: 10.1016/j.
scitotenv.2021.147494

Feigl, V., Ujaczki, E., Vaszita, E., and Molnar, M. (2017). Influence of red mud on
soil microbial communities: application and comprehensive evaluation of the Biolog
EcoPlate approach as a tool in soil microbiological studies. Sci. Total Environ. 595,
903-911. doi: 10.1016/j.scitotenv.2017.03.266

Feng, Y., Chen, R, Stegen, J. C., Guo, Z., Zhang, J., Li, Z., et al. (2018). Two key
features influencing community assembly processes at regional scale: initial state
and degree of change in environmental conditions. Mol. Ecol. 27, 5238-5251. doi:
10.1111/mec.14914

Fernandez-Calvifo, D., and Baith, E. (2016). Interaction between pH and cu
toxicity on fungal and bacterial performance in soil. Soil Biol. Biochem. 96, 20-29.
doi: 10.1016/j.50ilbio.2016.01.010

Fierer, N., Wood, S. A., and de Mesquita, C. P. B. (2021). How microbes can, and
cannot, be used to assess soil health. Soil Biol. Biochem. 153:108111. doi: 10.1016/j.
50ilbi0.2020.108111

Franco Ortega, S., Tomlinson, J.,, Gilardi, G., Spadaro, D., Gullino, M. L.,
Garibaldi, A., et al. (2018). Rapid detection of fusarium oxysporum f. sp. lactucae
on soil, lettuce seeds and plants using loop-mediated isothermal amplification. Plant
Pathol. 67, 1462-1473. doi: 10.1111/ppa.12855

Ge, Z., Du, H., Gao, Y., and Qiu, W. (2018). Analysis on metabolic functions of
stored rice microbial communities by BIOLOG ECO microplates. Front. Microbiol.
9:1375. doi: 10.3389/fmicb.2018.01375

Gremion, E, Chatzinotas, A., Kaufmann, K., Von Sigler, W,, and Harms, H. (2004).
Impacts of heavy metal contamination and phytoremediation on a microbial
community during a twelve-month microcosm experiment. FEMS Microbiol. Ecol.
48, 273-283. doi: 10.1016/j.femsec.2004.02.004

Gryta, A., Frac, M., and Oszust, K. (2020). Genetic and metabolic diversity of soil
microbiome in response to exogenous organic matter amendments. Agronomy
10:546. doi: 10.3390/agronomy10040546

Frontiers in Microbiology

13

10.3389/fmicb.2022.1072389

Hall, J. A. (2002). Cellular mechanisms for heavy metal detoxification and
tolerance. J. Exp. Bot. 53, 1-11. doi: 10.1093/jexbot/53.366.1

Han, H., Wang, T, Chen, Z, Li, Y,, and Yao, L. (2020). Rhodobacter
xinxiangensis sp. nov., isolated from pakchoi-cultivated soil contaminated with
heavy metal and its potential to reduce cd and Pb accumulation in pakchoi
(Brassica campestris L.). Arch. Microbiol. 202, 1741-1748. doi: 10.1007/
500203-020-01885-0

Hassan, A., Pariatamby, A., Ossai, I. C., and Hamid, E. S. (2020). Bioaugmentation
assisted mycoremediation of heavy metal and/metalloid landfill contaminated soil
using consortia of filamentous fungi. Biochem. Eng. J. 157:107550. doi: 10.1016/j.
bej.2020.107550

Hassen, A., Saidi, N., Cherif, M., and Boudabous, A.J. B. T. (1998). Resistance of
environmental bacteria to heavy metals. Bioresour. Technol. 64, 7-15. doi: 10.1016/
$0960-8524(97)00161-2

Huang, Y., Chen, Q., Deng, M., Japenga, J., Li, T, Yang, X, et al. (2018). Heavy
metal pollution and health risk assessment of agricultural soils in a typical peri-
urban area in Southeast China. J. Environ. Manage. 207, 159-168. doi: 10.1016/j.
jenvman.2017.10.072

Jia, L., Sun, H., Zhou, Q,, Dai, R., and Wu, W. (2022). Integrated evaluation for
advanced removal of nitrate and phosphorus in novel PHBV/ZVI-based biofilters:
insight into functional genes and key enzymes. J. Clean. Prod. 349:131199. doi:
10.1016/j.jclepro.2022.131199

Jiang, R., Wang, M., Chen, W,, Li, X,, Balseiro-Romero, M., and Baveye, P. C.
(2019). Ecological risk of combined pollution on soil ecosystem functions: insight
from the functional sensitivity and stability. Environ. Pollut. 255:113184. doi:
10.1016/j.envpol.2019.113184

Katz, R., Ahmed, M. A., Safadi, A., Abu Nasra, W., Visoki, A., Huckim, M., et al.
(2022). Characterization of fecal microbiome in biopsy positive prostate cancer
patients. BJUI Compass 3, 55-61. doi: 10.1002/bco2.104

Keasling, J. D., and Hupf, G. A. (1996). Genetic manipulation of polyphosphate
metabolism affects cadmium tolerance in Escherichia coli. Appl. Environ. Microbiol.
62, 743-746. doi: 10.1128/aem.62.2.743-746.1996

Keasling, J. D., Van Dien, S. J., Trelstad, P., Renninger, N., and McMahon, K.
(2000). Application of polyphosphate metabolism to environmental and
biotechnological problems. Biochemistry C/C Biokhimiia 65, 324-331.

Kenarova, A., and Boteva, S. (2015). “Functional diversity of microorganisms in
heavy metal-polluted soils” in Heavy metal contamination of soils eds. I. Sherameti
and A. Varma (Cham: Springer), 245-257.

Kenarova, A., Radeva, G., Traykov, L, and Boteva, S. (2014). Community level
physiological profiles of bacterial communities inhabiting uranium mining
impacted sites. Ecotoxicol. Environ. Saf. 100, 226-232. doi: 10.1016/j.
ecoenv.2013.11.012

Laplante, K., Sébastien, B., and Derome, N. (2013). Parallel changes of taxonomic
interaction networks in lacustrine bacterial communities induced by a polymetallic
perturbation. Evol. Appl. 6, 643-659. doi: 10.1111/eva.12050

Lehmann, J., Bossio, D. A., Kogel-Knabner, I, and Rillig, M. C. (2020). The
concept and future prospects of soil health. Nat. Rev. Earth Environ. 1, 544-553. doi:
10.1038/s43017-020-0080-8

Li, D,, Chen, ], Zhang, H., Zhang, X., and Li, J. (2022). Toxic factors of Lead and
cadmium fit in the ecological risk assessment for microorganisms. Front. Microbiol.
13:927947. doi: 10.3389/fmicb.2022.927947

Lin, H., Tang, Y., Dong, Y., Wei, Z., and Liu, C. (2022). Characterization of heavy
metal migration, the microbial community, and potential bioremediating genera in
a waste-rock pile field of the largest copper mine in Asia. J. Clean. Prod. 351:131569.
doi: 10.1016/j.jclepro.2022.131569

Lin, Y., Wang, L., Xu, K., Li, K., and Ren, H. (2021). Revealing taxon-specific heavy
metal-resistance mechanisms in denitrifying phosphorus removal sludge using
genome-centric metaproteomics. Microbiome 9, 1-17. doi: 10.1186/
540168-021-01016-x

Liu, J,, Li, Y., Ruan, Z., Fu, G., Chen, X,, Sadig, R,, et al. (2015). A new method to
construct co-author networks. Physica A Stat. Mechan. Applic. 419, 29-39. doi:
10.1016/j.physa.2014.10.006

Liu, H., Wei, M., Huang, H., Wu, B., Shangguan, Y., and Xu, H. (2022).
Integrative analyses of geochemical parameters-microbe interactions reveal the
variation of bacterial community assembly in multiple metal (loid) s
contaminated arable regions. Environ. Res. 208:112621. doi: 10.1016/j.
envres.2021.112621

Liu, B,, Yao, J., Ma, B,, Li, S., and Duran, R. (2022). Disentangling biogeographic
and underlying assembly patterns of fungal communities in metalliferous mining
and smelting soils. Sci. Total Environ. 845:157151. doi: 10.1016/j.
scitotenv.2022.157151

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1072389
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1016/j.geoderma.2021.115460
https://doi.org/10.1016/j.geoderma.2021.115460
https://doi.org/10.21203/rs.3.rs-355931/v1
https://doi.org/10.1016/j.envpol.2021.118624
https://doi.org/10.1016/j.jhazmat.2015.09.023
https://doi.org/10.1016/j.chemosphere.2018.05.143
https://doi.org/10.1016/j.envpol.2021.117851
https://doi.org/10.1016/j.envpol.2021.117851
https://doi.org/10.1016/j.envpol.2021.118614
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1111/1462-2920.12981
https://doi.org/10.1016/j.geoderma.2021.115439
https://doi.org/10.1016/j.scitotenv.2021.147494
https://doi.org/10.1016/j.scitotenv.2021.147494
https://doi.org/10.1016/j.scitotenv.2017.03.266
https://doi.org/10.1111/mec.14914
https://doi.org/10.1016/j.soilbio.2016.01.010
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1016/j.soilbio.2020.108111
https://doi.org/10.1111/ppa.12855
https://doi.org/10.3389/fmicb.2018.01375
https://doi.org/10.1016/j.femsec.2004.02.004
https://doi.org/10.3390/agronomy10040546
https://doi.org/10.1093/jexbot/53.366.1
https://doi.org/10.1007/s00203-020-01885-0
https://doi.org/10.1007/s00203-020-01885-0
https://doi.org/10.1016/j.bej.2020.107550
https://doi.org/10.1016/j.bej.2020.107550
https://doi.org/10.1016/S0960-8524(97)00161-2
https://doi.org/10.1016/S0960-8524(97)00161-2
https://doi.org/10.1016/j.jenvman.2017.10.072
https://doi.org/10.1016/j.jenvman.2017.10.072
https://doi.org/10.1016/j.jclepro.2022.131199
https://doi.org/10.1016/j.envpol.2019.113184
https://doi.org/10.1002/bco2.104
https://doi.org/10.1128/aem.62.2.743-746.1996
https://doi.org/10.1016/j.ecoenv.2013.11.012
https://doi.org/10.1016/j.ecoenv.2013.11.012
https://doi.org/10.1111/eva.12050
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.3389/fmicb.2022.927947
https://doi.org/10.1016/j.jclepro.2022.131569
https://doi.org/10.1186/s40168-021-01016-x
https://doi.org/10.1186/s40168-021-01016-x
https://doi.org/10.1016/j.physa.2014.10.006
https://doi.org/10.1016/j.envres.2021.112621
https://doi.org/10.1016/j.envres.2021.112621
https://doi.org/10.1016/j.scitotenv.2022.157151
https://doi.org/10.1016/j.scitotenv.2022.157151

Lietal.

Liu, S., Yu, H., Yu, Y., Huang, J., Zhou, Z., Zeng, ]., et al. (2022). Ecological stability
of microbial communities in Lake Donghu regulated by keystone taxa. Ecol. Indic.
136:108695. doi: 10.1016/j.ecolind.2022.108695

Luo, Z. B., Wu, C., Zhang, C., Li, H,, Lipka, U, and Polle, A. (2014). The role of
ectomycorrhizas in heavy metal stress tolerance of host plants. Environ. Exp. Bot.
108, 47-62. doi: 10.1016/j.envexpbot.2013.10.018

Luo, Y., Zhang, W,, Li, Y., Wang, Y,, Yao, H., and Han, J. (2020). Sanitary landfill
improved CNPS microbial functional gene abundance compared to non-sanitary
landfill. J. Soil. Sediment. 20, 99-108. doi: 10.1007/s11368-019-02426-z

Ma, S., Qiao, L., Liu, X., Zhang, S., Zhang, L., Qiu, Z., et al. (2022). Microbial
community succession in soils under long-term heavy metal stress from community
diversity-structure to KEGG function pathways. Environ. Res. 214:113822. doi:
10.1016/j.envres.2022.113822

Ma, ], Ullah, S., Niu, A, Liao, Z., Qin, Q., Xu, S., et al. (2021). Heavy metal
pollution increases CH4 and decreases CO2 emissions due to soil microbial changes
in a mangrove wetland: microcosm experiment and field examination. Chemosphere
269:128735. doi: 10.1016/j.chemosphere.2020.128735

Moller, J., Miller, M., and Kjoller, A. (1999). Fungal-bacterial interaction on beech
leaves: influence on decomposition and dissolved organic carbon quality. Soil Biol.
Biochem. 31, 367-374. doi: 10.1016/S0038-0717(98)00138-2

Muniz, S., Lacarta, J., Pata, M. P, Jimenez, J. J., and Navarro, E. (2014). Analysis
of the diversity of substrate utilisation of soil bacteria exposed to cd and earthworm
activity using generalised additive models. PLoS One 9:¢85057. doi: 10.1371/journal.
pone.0085057

Nikitin, D. A., Semenov, M. V., Chernov, T. I, Ksenofontova, N. A.,
Zhelezova, A. D., Ivanova, E. A,, et al. (2022). Microbiological indicators of soil
ecological functions: a review. Eurasian Soil Sci. 55, 221-234. doi: 10.1134/
$1064229322020090

Ning, D., Deng, Y., Tiedje, J. M., and Zhou, J. (2019). A general framework for
quantitatively assessing ecological stochasticity. Proc. Natl. Acad. Sci. 116,
16892-16898. doi: 10.1073/pnas.1904623116

Pan, X., Zhang, S., Zhong, Q., Gong, G., Wang, G., Guo, X,, et al. (2020). Effects
of soil chemical properties and fractions of Pb, cd, and Zn on bacterial and
fungal communities. Sci. Total Environ. 715:136904. doi: 10.1016/j.
scitotenv.2020.136904

Qi, Q, Hu, C,, Lin, J., Wang, X, Tang, C., Dai, Z., et al. (2022). Contamination
with multiple heavy metals decreases microbial diversity and favors generalists as
the keystones in microbial occurrence networks. Environ. Pollut. 306:119406. doi:
10.1016/j.envres.2022.113822

Qi, R., Xue, N., Wang, S., Zhou, X., Zhao, L., Song, W,, et al. (2022). Heavy metal
(loid) s shape the soil bacterial community and functional genes of desert grassland
in a gold mining area in the semi-arid region. Environ. Res. 214:113749. doi:
10.1016/j.envres.2022.113749

Rajapaksha, R. M. C. P, Tobor-Kapton, M. A., and Baath, E. (2004). Metal toxicity
affects fungal and bacterial activities in soil differently. Appl. Environ. Microbiol. 70,
2966-2973. doi: 10.1128/AEM.70.5.2966-2973.2004

Rocca, J. D, Simonin, M., Bernhardt, E. S., Washburne, A. D., and Wright, J. P.
(2020). Rare microbial taxa emerge when communities collide: freshwater and
marine microbiome responses to experimental mixing. Ecology 101:€02956. doi:
10.1002/ecy.2956

Rousk, J., Demoling, L. A., Bahr, A., and Bééth, E. (2008). Examining the fungal
and bacterial niche overlap using selective inhibitors in soil. FEMS Microbiol. Ecol.
63, 350-358. doi: 10.1111/j.1574-6941.2008.00440.x

Saunders, A. M., Albertsen, M., Vollertsen, J., and Nielsen, P. H. (2016). The
activated sludge ecosystem contains a core community of abundant organisms.
ISME J. 10, 11-20. doi: 10.1038/ismej.2015.117

Shahid, M., Pinelli, E., and Dumat, C. (2012). Review of Pb availability and
toxicity to plants in relation with metal speciation; role of synthetic and natural
organic ligands. J. Hazard. Mater. 219, 1-12. doi: 10.1016/j.jhazmat.2012.01.060

Shuaib, M., Azam, N., Bahadur, S., Romman, M., Yu, Q., and Xuexiu, C. (2021).
Variation and succession of microbial communities under the conditions of
persistent heavy metal and their survival mechanism. Microb. Pathog. 150:104713.
doi: 10.1016/j.micpath.2020.104713

Sloan, W. T., Lunn, M., Woodcock, S., Head, I. M., Nee, S., and Curtis, T. P. (2006).
Quantifying the roles of immigration and chance in shaping prokaryote community
structure. Environ. Microbiol. 8, 732-740. doi: 10.1111/j.1462-2920.2005.00956.x

Stefanowicz, A. M., Kapusta, P, Stanek, M., Rola, K., and Zubek, S. (2022). Herbaceous
plant species support soil microbial performance in deciduous temperate forests. Sci.
Total Environ. 810:151313. doi: 10.1016/j.scitotenv.2021.151313

Stefanowicz, A. M., Nikliniska, M., and Laskowski, R. (2008). Metals affect soil
bacterial and fungal functional diversity differently. Environ. Toxicol. Chem. 27,
591-598. doi: 10.1897/07-288.1

Sun, X., Song, B., Xu, R., Zhang, M., Gao, P, Lin, H,, et al. (2021). Root-associated
(rhizosphere and endosphere) microbiomes of the Miscanthus sinensis and their

Frontiers in Microbiology

14

10.3389/fmicb.2022.1072389

response to the heavy metal contamination. J. Environ. Sci. 104, 387-398. doi:
10.1016/j.jes.2020.12.019

Sun, C., Wu, P, Wang, G., and Kong, X. (2022). Heavy metals contained within a
Pb-Zn waste heap exhibit selective association with microbial modules as revealed
by network analysis. Bull. Environ. Contam. Toxicol., 109, 1067-1074. doi: 10.1007/
s00128-022-03499-2

Tian, J., Ge, E, Zhang, D., Deng, S., and Liu, X. (2021). Roles of phosphate
solubilizing microorganisms from managing soil phosphorus deficiency to
mediating biogeochemical P cycle. Biology 10:158. doi: 10.3390/biology10020158

Tikariha, H., and Purohit, H. J. (2019). Different dimensions in microbial
community adaptation and function. Indian J. Microbiol. 59, 387-390. doi: 10.1007/
512088-019-00813-1

Vries, W. D., Romkens, P. E, and Schiitze, G. (2007). Critical soil concentrations
of cadmium, lead, and mercury in view of health effects on humans and animals.
Rev. Environ. Contam. Toxicol., 191, 91-130. doi: 10.1007/978-0-387-69163-3_4

Walters, K. E., Capocchi, J. K., Albright, M. B., Hao, Z., Brodie, E. L., and
Martiny, J. B. (2022). Routes and rates of bacterial dispersal impact surface soil
microbiome composition and functioning. ISME J., 6, 2295-2304. doi: 10.1038/
541396-022-01269-w

Wan, X. L., Gao, Q, Zhao, J. S., Feng, J. ]., van Nostrand, J. D., Yang, Y. E, et al. (2020).
Biogeographic patterns of microbial association networks in paddy soil within eastern
China. Soil Biol. Biochem. 142:107696. doi: 10.1016/j.50ilbi0.2019.107696

Wang, X., Gao, P, Li, D,, Liu, ., Yang, N., Gu, W,, et al. (2019). Risk assessment
for and microbial community changes in farmland soil contaminated with heavy
metals and metalloids. Ecotoxicol. Environ. Saf. 185:109685. doi: 10.1016/j.
ecoenv.2019.109685

Wang, Y, Lu, G., Yu, H., Du, X, He, Q,, Yao, S., et al. (2021). Meadow degradation
increases spatial turnover rates of the fungal community through both niche
selection and dispersal limitation. Sci. Total Environ. 798:149362. doi: 10.1016/j.
scitotenv.2021.149362

Wang, X, Teng, Y., Ren, W,, Li, Y,, Yang, T,, Chen, Y,, et al. (2022). Variations of
bacterial and Diazotrophic community assemblies throughout the soil profile in
distinct Paddy soil types and their contributions to soil functionality. Msystems 7,
€01047-€01021. doi: 10.1128/msystems.01047-21

Wang, W.,, Wang, H., Cheng, X., Wu, M,, Song, Y., Liu, X,, et al. (2022). Different
responses of bacteria and fungi to environmental variables and corresponding
community assembly in Sb-contaminated soil. Environ. Pollut. 298:118812. doi:
10.1016/j.envpol.2022.118812

Wang, M., Zhang, W,, Zhao, J., Yang, Z., Guo, X,, and Ji, H. (2022). Distinct
structural strategies with similar functional responses of abundant and rare
subcommunities regarding heavy metal pollution in the Beiyun river basin.
Chemosphere 309:136659. doi: 10.1016/j.chemosphere.2022.136659

Wasak, K., Klimek, B., and Drewnik, M. (2020). Rapid effects of windfall on soil
microbial activity and substrate utilization patterns in the forest belt in the Tatra
Mountains. J. Soil. Sediment. 20, 801-815. doi: 10.1007/s11368-019-02439-8

Wei, J., Li, H,, and Liu, J. (2022). Heavy metal pollution in the soil around
municipal solid waste incinerators and its health risks in China. Environ. Res.
203:111871. doi: 10.1016/j.envres.2021.111871

Wei, T, Lv, X,, Jia, H., Hua, L., Xu, H., Zhou, R,, et al. (2018). Effects of salicylic
acid, Fe (II) and plant growth-promoting bacteria on cd accumulation and toxicity
alleviation of cd tolerant and sensitive tomato genotypes. J. Environ. Manage. 214,
164-171. doi: 10.1016/j.jenvman.2018.02.100

Xiang, M., Li, Y,, Yang, J., Lei, K, Li, Y,, Li, E, et al. (2021). Heavy metal
contamination risk assessment and correlation analysis of heavy metal contents in
soil and crops. Environ. Pollut. 278:116911. doi: 10.1016/j.envpol.2021.116911

Xiao, L., Yu, Z., Liu, H,, Tan, T, Yao, J., Zhang, Y., et al. (2020). Effects of cd and
Pb on diversity of microbial community and enzyme activity in soil. Ecotoxicology
29, 551-558. doi: 10.1007/s10646-020-02205-4

Xing, W, Lu, X,, Ying, J., Lan, Z., Chen, D., and Bai, Y. (2022). Disentangling the
effects of nitrogen availability and soil acidification on microbial taxa and soil
carbon dynamics in natural grasslands. Soil Biol. Biochem. 164:108495. doi:
10.1016/j.s0ilbio.2021.108495

Xu, M., Cui, Y., Beiyuan, J., Wang, X., Duan, C., and Fang, L. (2021). Heavy metal
pollution increases soil microbial carbon limitation: evidence from ecological
enzyme stoichiometry. Soil Ecol. Lett. 3, 230-241. doi: 10.1007/s42832-021-0094-2

Yang, Y., Chen, X,, Liu, L, Li, T, Dou, Y., Qiao, ], et al. (2022). Nitrogen
fertilization weakens the linkage between soil carbon and microbial diversity: a
global meta-analysis. Glob. Chang. Biol. 28, 6446-6461. doi: 10.1111/gcb.16361

Yang, J., Huang, Y., Zhao, G., Li, B., Qin, X, Xu, J., et al. (2022). Phytoremediation
potential evaluation of three rhubarb species and comparative analysis of their
rhizosphere characteristics in a cd-and Pb-contaminated soil. Chemosphere
296:134045. doi: 10.1016/j.chemosphere.2022.134045

Yang, H. Y., Wang, C. X,, Chen, E R,, Yue, L., Cao, X. S,, L, J., et al. (2021). Foliar
carbon dot amendment modulates carbohydrate metabolism, rhizospheric

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1072389
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ecolind.2022.108695
https://doi.org/10.1016/j.envexpbot.2013.10.018
https://doi.org/10.1007/s11368-019-02426-z
https://doi.org/10.1016/j.envres.2022.113822
https://doi.org/10.1016/j.chemosphere.2020.128735
https://doi.org/10.1016/S0038-0717(98)00138-2
https://doi.org/10.1371/journal.pone.0085057
https://doi.org/10.1371/journal.pone.0085057
https://doi.org/10.1134/S1064229322020090
https://doi.org/10.1134/S1064229322020090
https://doi.org/10.1073/pnas.1904623116
https://doi.org/10.1016/j.scitotenv.2020.136904
https://doi.org/10.1016/j.scitotenv.2020.136904
https://doi.org/10.1016/j.envres.2022.113822
https://doi.org/10.1016/j.envres.2022.113749
https://doi.org/10.1128/AEM.70.5.2966-2973.2004
https://doi.org/10.1002/ecy.2956
https://doi.org/10.1111/j.1574-6941.2008.00440.x
https://doi.org/10.1038/ismej.2015.117
https://doi.org/10.1016/j.jhazmat.2012.01.060
https://doi.org/10.1016/j.micpath.2020.104713
https://doi.org/10.1111/j.1462-2920.2005.00956.x
https://doi.org/10.1016/j.scitotenv.2021.151313
https://doi.org/10.1897/07-288.1
https://doi.org/10.1016/j.jes.2020.12.019
https://doi.org/10.1007/s00128-022-03499-2
https://doi.org/10.1007/s00128-022-03499-2
https://doi.org/10.3390/biology10020158
https://doi.org/10.1007/s12088-019-00813-1
https://doi.org/10.1007/s12088-019-00813-1
https://doi.org/10.1007/978-0-387-69163-3_4
https://doi.org/10.1038/s41396-022-01269-w
https://doi.org/10.1038/s41396-022-01269-w
https://doi.org/10.1016/j.soilbio.2019.107696
https://doi.org/10.1016/j.ecoenv.2019.109685
https://doi.org/10.1016/j.ecoenv.2019.109685
https://doi.org/10.1016/j.scitotenv.2021.149362
https://doi.org/10.1016/j.scitotenv.2021.149362
https://doi.org/10.1128/msystems.01047-21
https://doi.org/10.1016/j.envpol.2022.118812
https://doi.org/10.1016/j.chemosphere.2022.136659
https://doi.org/10.1007/s11368-019-02439-8
https://doi.org/10.1016/j.envres.2021.111871
https://doi.org/10.1016/j.jenvman.2018.02.100
https://doi.org/10.1016/j.envpol.2021.116911
https://doi.org/10.1007/s10646-020-02205-4
https://doi.org/10.1016/j.soilbio.2021.108495
https://doi.org/10.1007/s42832-021-0094-2
https://doi.org/10.1111/gcb.16361
https://doi.org/10.1016/j.chemosphere.2022.134045

Lietal.

properties and drought tolerance in maize seedling. Sci. Total Environ. 151105. doi:
10.1016/j.scitotenv.2021.151105

Yi, M., Zhang, L., Li, Y., and Qian, Y. (2022). Structural, metabolic, and functional
characteristics of soil microbial communities in response to benzo [a] pyrene stress.
J. Hazard. Mater. 431:128632. doi: 10.1016/j.jhazmat.2022.128632

Yin, T, Lin, H., Dong, Y., Li, B,, He, Y, Liu, C., et al. (2021). A novel
constructed carbonate-mineralized functional bacterial consortium for high-

efficiency cadmium biomineralization. J. Hazard. Mater. 401:123269. doi:
10.1016/j.jhazmat.2020.123269

Yuan, M. M., Guo, X., Wu, L., Zhang, Y. A,, Xiao, N., Ning, D,, et al. (2021).
Climate warming enhances microbial network complexity and stability. Nat. Clim.
Chang. 11, 343-348. doi: 10.1038/s41558-021-00989-9

Zerizghi, T., Guo, Q,, Tian, L., Wei, R., and Zhao, C. (2022). An integrated approach
to quantify ecological and human health risks of soil heavy metal contamination around
coal mining area. Sci. Total Environ. 814:152653. doi: 10.1016/j.scitotenv.2021.152653

Frontiers in Microbiology

15

10.3389/fmicb.2022.1072389

Zhang, J., Shi, Q,, Fan, S., Zhang, Y., Zhang, M., and Zhang, J. (2021). Distinction
between Cr and other heavy-metal-resistant bacteria involved in C/N cycling in
contaminated soils of copper producing sites. J. Hazard. Mater. 402:123454. doi:
10.1016/j.jhazmat.2020.123454

Zhang, M., Zhang, T., Zhou, L., Lou, W., Zeng, W,, Liu, T., et al. (2022). Soil
microbial community assembly model in response to heavy metal pollution.
Environ. Res. 213:113576. doi: 10.1016/j.envres.2022.113576

Zhao, H., Lin, ], Wang, X., Shi, J., Dahlgren, R. A, and Xu, J.
(2021). Dynamics of soil microbial N-cycling strategies in response to
cadmium stress. Environ. Sci. Technol. 55, 14305-14315. doi: 10.1021/acs.
est.1c04409

Zuo, Y., Zeng, R., Tian, C., Wang, J., and Qu, W. (2022). The importance of
conditionally rare taxa for the assembly and interaction of fungal communities in
mangrove sediments. Appl. Microbiol. Biotechnol. 106, 3787-3798. doi: 10.1007/
500253-022-11949-4

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1072389
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2021.151105
https://doi.org/10.1016/j.jhazmat.2022.128632
https://doi.org/10.1016/j.jhazmat.2020.123269
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1016/j.scitotenv.2021.152653
https://doi.org/10.1016/j.jhazmat.2020.123454
https://doi.org/10.1016/j.envres.2022.113576
https://doi.org/10.1021/acs.est.1c04409
https://doi.org/10.1021/acs.est.1c04409
https://doi.org/10.1007/s00253-022-11949-4
https://doi.org/10.1007/s00253-022-11949-4

	Structural and functional characteristics of soil microbial communities in response to different ecological risk levels of heavy metals
	Introduction
	Materials and methods
	Soil microcosm incubation
	DNA extraction, qPCR, and sequencing
	Metabolic profile evaluation
	High-throughput quantitative PCR of functional genes
	Statistical analysis

	Results
	Microbial community diversity and composition
	Networks and stability of microbial communities
	Metabolic characteristics of the microbial communities
	Responses of microbial functional genes
	Assembly processes of the microbial community

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	 References

