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Soil fertility and nutrient cycling can be enhanced with application of biosolids; however, it can also pose risks
associated with introduction of heavy metals. The balance between these beneficial and adverse effects in
influencing soil health and multifunctionality remains unclear. Further, eco-friendly strategies to alleviate heavy
metal accumulation in biosolids-applied soils are undetermined. With this objective, we sampled soil from an
agricultural field that had been applied with biosolids for 16 years at rates of 0 t ha™* (Control), 4.5t ha* (SW1),9t ha
1 (SW2), 18 t ha™ (SW3), and 36 t ha (SW4). Bacterial, fungal and arbuscular mycorrhizal (AM) fungal communities
were determined, and soil health index (SHI) and multifunctionality (SMF) quantified. Field experiment showed that
optimal biosolids application significantly increased SHI and SMF by 3-20 % and 3-75 %, respectively, compared to
the Control treatment. Bacterial and AM fungal keystone taxa abundances were positively correlated to SHI and
SMF. Additionally, to corroborate these results, pot experiments were conducted to test the effect of AM fungal
inoculation on soil microbial diversity and multifunctionality, and its mitigatory effect on heavy metal
accumulation. AM fungal inoculation significantly increased SMF by 42-61 %, and reduced Cu and Zn contents by
7-10 % and 4-6 %, respectively. Metagenomic analyses showed that AM fungal inoculation significantly increased
soil carbon, nitrogen, phosphorus and sulfur gene abundance, positively correlated to SMF. Overall, the findings
underscore the benefits of judicious biosolids application combined with AM fungal bioaugmentation as a viable

strategy for mitigation of heavy metal accumulation for sustainable agriculture.
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Introduction

Soil health is fundamental to supporting plant and animal productivity as well as multiple ecosystem functions (Jia
et al., 2025; Teague and Kreuter, 2020). Healthy soil supports high-yield crop production while maintaining optimal
cycling of nutrients, including carbon storage and utilization, which is referred to as soil multifunctionality (SMF)
(Adewara et al., 2024; Pandao et al., 2024). Therefore, enhancing soil health and multifunctionality is essential for
maintaining sustainable agricultural systems and ensuring long-term food security. Biosolids application is
increasingly recognized as a potential resource for sustainable agriculture, as it is rich in organic matter and
essential nutrients that can improve soil fertility and structure, and promote high-yield crop production (Elgarahy
et al., 2024; Marchuk et al., 2023; Kumar et al., 2017). However, the occurrence of heavy metals, such as cadmium
and lead, and organic contaminants, such as pharmaceutical residues and microplastics in biosolids may pose long-
term environmental risks (Popoola et al., 2023; Mohajerani and Karabatak, 2020). Hence, the overall impact of
biosolids on soil health remains unclear. Understanding the effects of biosolids application on soil health and
multifunctionality is essential for optimizing its use in sustainable agriculture while minimizing potential

environmental risks.

Soil microbial communities are invaluable for soil biota and partake in several crucial functions, such as primary
production, nutrient cycling and carbon storage (Jia et al., 2025). Several studies have found that soil
multifunctionality, in both natural and agricultural ecosystems, is critically linked to microbial diversity (Jiao et al.,
2022; Han et al., 2021; Luo et al., 2018; Delgado-Baquerizo et al., 2016). However, the benefits of microbial diversity
on soil multifunctionality are mediated by a combination of natural factors and management practices (Jia et al.,
2023; Jia et al., 2024; Dong et al., 2022). While biosolids have the potential to improve soil fertility and microbial
diversity, they may also introduce pollutants that undermine soil microbiota and multifunctionality (Zhang et al.,
2024; Zhenget al., 2021). Soil microbes are highly sensitive to changes in their microenvironment, and heavy metals
found in biosolids may alter the structure of microbial communities, inhibit the growth of some microbes, and affect
their ecological functions (Sun et al., 2024; Shuaib et al., 2021; Perez-de-Mora et al., 2006). For instance, Cu and Pb
could disrupt microbial growth, alter community composition, and inhibit key microbial functions necessary for
nutrient cycling and soil health (Sun et al., 2024). In addition to heavy metals, pollutants such as pharmaceutical
residues and microplastics found in biosolids may also have long-lasting effects on soil microbial communities,
reducing microbial diversity and impacting soil biological functions (Hale et al., 2022). Furthermore, it may also
promote the selection of antibiotic resistance genes (ARGs) in the microbiome, raising concerns about the spread

of antimicrobial resistance (Hung et al., 2022; Law et al., 2021). Given these conflicting effects, it is crucial to
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investigate the impact of biosolids application on soil microbial communities and multifunctionality, particularly

regarding how to balance the benefits and risks to ensure its sustainable use in agriculture.

Microorganisms enable soil multifunctionality (SMF) in a context dependent manner based on the prevailing
edaphic factors (Jia et al., 2024). SMF has been shown to be positively influenced by both bacteria and fungi (Luo et
al., 2018), however, their influence may be different in soils with long-term biosolids application as they are highly
dependent on factors such as soil type, nutrient availability, moisture, and the presence of contaminants (Morgan
etal.,2024; Mohapatra et al., 2016). Soil bacteria are often more sensitive to changes in nutrient availability, pH, and
the presence of contaminants (Wu et al., 2017; Oliveira and Pampulha, 2006). In biosolids-amended soils, bacteria
can contribute significantly to nutrient cycling, organic matter decomposition, and soil structure improvement
(Elgarahy et al., 2024; Ploughe et al., 2021). However, some bacterial species may also be negatively affected by
pollutants such as heavy metals in biosolids, leading to altered microbial communities and reduced soil function
(Sun et al., 2024; Olaniran et al., 2013). Soil fungi, including arbuscular mycorrhizal fungi (AMF), are essential for
nutrient cycling, and contribute to soil structure by forming mycelial networks that improve soil aggregation and
water retention (Wang et al., 2022a; Hooker and Black, 1995). In the context of biosolids application, fungi might be
more resilient to some pollutants than bacteria and can help buffer the effects of pollutants like heavy metals. Fungi
also support the growth of beneficial microbial communities by providing nutrients to plants and other microbes in
exchange for carbohydrates (Devi et al., 2020). AMF, in particular, have been shown to alleviate heavy metal toxicity
in plants and soil microbes by sequestering metals in their hyphal structures (Riaz et al., 2021). The potential of AMF
to sequester and neutralize heavy metals in their hyphal tissues helps mitigate the negative effects of pollutants in
biosolids-amended soils (Sun et al., 2025), which might make them even more crucial for promoting long-term soil
health and multifunctionality. Moreover, AMF can engage with bacteria to enhance soil functionality, facilitating
nutrient cycling and promoting microbial diversity (Fall et al., 2022). Nonetheless, it is still unknown how biosolids
application shifts the relationship between soil microbial diversity and SMF, and which microbial groups may play

critical roles in driving SMF.

To explore the effects of biosolids application on the interdependence of soil multifunctionality and soil microbial
diversity, we collected and analyzed soil samples from agricultural field that had 16 years of continuous biosolids
application annually. Further, pot experiments were conducted to determine the effect of AMF bioaugmentation on
soil supplemented long-term with biosolids. The soil microbial community structure was determined and soil health
index and soil multifunctionality quantified. We hypothesize that (1) appropriate application rates of biosolids can

enhance soil health index and soil multifunctionality while the overuse of biosolids can reduce both parameters, (2)
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bioaugmented AMF could alleviate the accumulation of heavy metals introduced to soil via biosolids, promoting
soil multifunctionality. This study provides a crucial roadmap on the optimum application rates of biosolids to
agricultural fields, and also lays out a strategy to combat highly prevalent yet often neglected heavy metal

accumulation in biosolids-applied fields via bioaugmentation of AMF.

Materials and methods

SITE DESCRIPTION AND SAMPLING

The soil samples were obtained from a 16-year long-term field experiment. The details about the crop rotations, soil
type and climatic conditions of this field are available in our previous publication Sun et al. (2024). The field
experiment involved a gradient of biosolids application of 0 t (Control), 4.5 t (SW1), 9t (SW2), 18 t (SW3), and 36 t
(SW4) dry biosolids ha* annually, with three replicate plots per treatment. In the year 2022, month of June, soil
samples (0-20 cm) were collected from the fields undergoing the biosolids treatment. After removing surface
residues, five soil cores per plot were combined into a composite sample. Soil samples were placed in a container
closed with dry ice and promptly sent to the laboratory. Upon arrival, they passed through a 2 mm mesh sieve and
divided into three subsamples. The first part was stored at 4 °C to study soil biological indicators, and second part
was air-dried and marked for soil physicochemical properties analyses. The rest was kept at-20 °C for DNA
sequencing. Additional details regarding the long-term field experiment and soil properties are available in our

previous study (Sun et al., 2024).

POT EXPERIMENT SETUP AND SAMPLING

Following the wheat harvest in the field, three treatments were selected for the pot experiment: C (Control), L (SW1:
low biosolids application), and H (SW4: high biosolids application). The host plant was maize (Zea mays L.) cv.
Zhengdan958. The AMF inoculum was Funneliformis mosseae (HK01, Glomeraceae), propagated on maize in a soil-
sand substrate for four months, containing hyphae, colonized root fragments, and approximately 50 spores g*, and
applied at 8 % (w/w) of the root chamber substrate. The study employed a full factorial design of 3 x 2 x 2, involving
three biosolids application rates in the hyphal chamber (C, L, H) and two mycorrhizal treatments (AMF-inoculated
and non-inoculated) applied to the root chamber. Additionally, the hyphal chamber under each biosolids
application rate was further classified based on soil sterilization status, distinguishing between soils with native

microbiota (unsterilized) and those subjected to sterilization. In total there were twelve treatments with 4
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replicates, totalling 48 pots. The pot experiment was conducted in a greenhouse from April to June 2023 to evaluate
the role of AMF in biosolids-amended soils, following the setup detailed in Sun et al. (2025). Briefly, a
compartmentalized root-hyphae system was used, where maize was grown in the root chamber (RC), while the
hyphal chamber (HC), separated by a 30 um nylon mesh, allowed AMF hyphal extension without root penetration.
After eight weeks of growth, the maize plants were harvested. The aboveground biomass was clipped for biomass
measurement. The top 1 cm of soil in the hyphal chamber was removed to eliminate any surface contamination.
The remaining soil was sieved through a 2 mm mesh and divided into three subsamples for subsequent analyses.
The first part was stored at 4 "C to study soil biological indicators and second part was airdried and marked for soil

physicochemical properties analyses. The rest was kept at-20 "C for DNA sequencing.

SOIL PROPERTIES MEASUREMENT

A penetrometer was used to measure soil physical indicators including surface hardness (SurfHard: 0-10 cm soil
depth) and subsurface hardness (SubHard: 10-20 cm soil depth) in the field (Zhang et al., 2023). For soil chemical
indicators, pH, EC, NH4+-N, NO3-N, Olsen P, available K, Fe, Mn, Zn, and Mg, organic carbon (SOC), permanganate
oxidizable carbon (POXC), total phosphorus (TP) and total potassium were determined based on the protocol
described in Zhang et al. (2023). Heavy metals including Cu, Zn, Cd, Pb, Cr, Ni, As, and Hg were quantified as
described in Sun et al. (2024).

For biological indicators, soil proteins were measured spectropho- tometrically as described in Wright and
Upadhyaya (1996). Soil respiration and N,O emissions were measured by laboratory incubation with gas
chromatographic analysis. In brief, 20 g of air-dried soil was adjusted to 60 % water-holding capacity, pre-incubated
at 25 °C for 7 days, and then incubated in sealed 100 mL jars at 25 °C in the dark. After 24 h, headspace gas samples
were collected using gas-tight syringes and analyzed for CO, and N,O concentrations (GC 7890, Agilent
Technologies, Santa Clara, CA). Each sample was measured in triplicate to ensure measurement accuracy. Emission
rates were calculated based on the temporal increase in gas concentrations. Soil extracellular enzyme activities
including a-1,4 Glucosidase (AG: sugar degradation), B-Cellubiosidase (BC: cellulose degradation), [-1,4
Glucosidase (BG: sugar degradation), [-1,4 Xylosidase (BX: hemicellulose degradation), [-1,4-
Nacetylglucosaminidase (NAG: chitin degradation), leucine- aminopeptidas (LAP: nitrogen mineralization), acid
phosphatase (ACP: phosphorus mineralization) and sulfatase (SUL: sulfate hydrolysis) were measured as described
in Bell et al. (2013). The glomalin-related soil protein contents including total glomalin-related soil protein (TEG)

and easily extractable glomalin (EEG) were determined following the method described by Wright et al. (1998).
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SOIL DNA EXTRACTION, SEQUENCING AND BIOINFORMATIC ANALYSIS

For both field and pot experiment, the MagaBio Kit from Bioer Technology, China was used for total DNA extraction
from 0.5 g of soil. The primers used for targeting the V4 region of bacteria for PCR amplification was from Walters et
al. (2016). The primers used for amplifying the ITS region of fungi was from Op De Beeck et al. (2014), and the primers
for a specific region of AM fungi were from Van Geel et al. (2014). The primers were synthesized by InvitrogenTM
(Thermo Fisher Scientific Inc.). The sequencing reads were processed according to our previously published study
(Sun et al., 2024). Taxonomic assignment was done with the SILVA v138, UNITE v8.0 and MaarjAM for bacteria, fungi
and AM fungi, respectively (Green et al., 2022; Eshaghi et al., 2021; Opik et al., 2010). The raw sequencing data were
deposited in the NCBI Sequence Read Archive (SRA) under accession number PRINA1312049.

For the pot experiments, Shanghai Biozeron Biological Technology Co., Ltd. generated and sequenced
metagenomic shotgun sequencing libraries. For each sample, the sequencing libraries were created using the
TruSeq DNA Library Preparation Kit (catalogue no: FC-121-2001, Illumina, USA). An NGS platform in paired-end 150
bp (PE150) mode was used for sequencing of all the samples. The raw metagenomic sequencing data were

deposited in the NCBI Sequence Read Archive (SRA) under accession number PRINA1312532,

SOIL HEALTH SCORING AND CALCULATING AND MULTIFUNCTIONALITY ASSESSMENT

Soil health encompasses the crucial role of soil in supporting not just food and fiber production, but also its broader
contributions to ecological conservation and ecosystem services (Jia et al., 2025). In this context, soil
multifunctionality (EMF) is gaining recognition as a key measure of soil's capacity to deliver a range of functions
concurrently (Jia et al., 2023). For soil multifunctionality, maximum method (f(x) = Xi/Xmax) Was used to normalize the
soil extracellular enzyme activities and soil respiration to a range of 0-1. All the normalized values were averaged to

quantify soil multifunctionality index (Maestre et al., 2012).

For the soil health index assessment, firstly, a total dataset including TN, pH, AP, TP, AK, TK, SOC, EC, EEG, TEG, NH,
NO3-N, Mg, Na, Ca, POXC, CO,, N,O, Cr, Cd, Pb, Hg, Ni, Cu, Zn, As, SurfHard, SubHard and protein was created. Then
a Minimum Dataset (MDS) was established by selecting representative parameters from the Total Datasets (Li et al.,
2022). Indicator redundancy was assessed using Pearson correlation analysis, followed by principal component
analysis (PCA) to reduce dimensionality (Andres-Abellan et al., 2019). Principal components (PCs) with eigenvalues
exceeding 1.0 were retained for further analysis due to their significant explanatory power (Yu et al., 2018). Within
each significant PC, indicators exhibiting factor loadings =0.5 were initially grouped (Zhang et al., 2016). In cases

where indicators exhibited high loadings across multiple PCs, they were assigned to the group with the highest
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factor loading to avoid redundancy.

Vector norm values were computed to quantitatively evaluate each indicator's contribution to soil quality
representation (Shao et al., 2020). Indicators were pre-selected when their vector norm values reached at least 90 %
of the maximum within each respective group (Huang et al., 2021). If two pre-selected indicators showed a Pearson
correlation coefficient above 0.5, only the indicator with the higher norm value was retained for inclusion in the

MDS; otherwise, both were included.

Then, selected indicators were standardized into dimensionless values ranging from 0 to 1, linear, non-linear, and
CASH scoring approaches were applied (Mahajan et al., 2020). Linear scoring included three models: “more is
better,” “less is better” (applicable to sand and silt), and “optimal range” (applied specifically to soil pH, optimal
between 5.5 and 6.5) (Huang et al., 2021). Egs. (1) and (2) were used based on the indicator characteristic, with Eq.
(2) employed for metrics favoring higher values or below optimal ranges, and Eq. (3) for metrics favoring lower

values or above optimal ranges (Li et al., 2022).
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The non-linear method was implemented according to Eq. (3): where is the non-linear score, is the maximum score
(set at 1), xu represents the indicator value, is the mean value, and is the slope, defined as -2.5 for “more is better”

and 2.5 for “less is better” scenarios (Li et al., 2022).

The calculated indicator scores were combined to produce a comprehensive soil health index (SHI) using both

additive (Eq. 4) and weighted additive (Eq. 5) approaches:

n

SHI, = ZS,;‘n 4
=1

SHI, = Z:ﬂu‘wi * 5 (5)

Where SHI, and SHIw denote the additive and weighted additive soil health indexes, respectively; S; represents the

transformed indicator scores derived from linear or nonlinear methods; n is the total number of indicators within
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the minimal data set (MDS); w; and indicates the normalized weight of each indicator, calculated based on the

explained variance of corresponding principal components (PCs).

This study evaluated and compared four distinct SHIs, generated by integrating different scoring and aggregation
methods: linear scoring with additive aggregation (SHI-LA), linear scoring with weighted additive aggregation (SHI-
LWA), nonlinear scoring with additive aggregation (SHI-NLA), and nonlinear scoring with weighted additive
aggregation (SHI-NLWA). Higher values of SHI indicated improved soil functionality and lower contamination or
degradation levels. The strong correlation between the SHI values derived from the Total Dataset (TDS) and the
Minimum Dataset (MDS) (Fig. S1) indicates that the MDS-based SHI provides a reliable and representative substitute
for the TDS-based SHI.

STATISTICAL ANALYSIS

The R (version 4.1.0) was used to analyze the data. One-way ANOVAs were employed to evaluate the difference in
soil multifunctionality and soil health index among different treatments. The ‘microeco’ package was used to
generate the soil microbial cooccurrence networks (Liu et al., 2021), applying robust correlations (Spearman's p >
0.60) and FDR-corrected p-values <0.01 for network construction. Subsequently, the network properties were
analyzed using the ‘igraph’ package. Nodes represent individual OTUs, while edges denote pairwise associations
among them. To identify keystone taxa, we calculated two topological metrics: within-module connectivity (Zi) and
among-module connectivity (Pi). Based on their Zi and Pi values, nodes were categorized as network hubs (Zi > 2.5,
Pi >0.62), module hubs (Zi > 2.5, Pi <0.62), connectors (Zi < 2.5, Pi >0.62), or peripherals (Zi < 2.5, Pi <0.62; Olesen et
al., 2007). Partial least squares path modeling (PLS-PM) was used to explore how soil properties (pH and SOC)
influence the links between microbial diversity and community composition (including bacteria, fungi, and AM
fungi), and multifunctionality as well as soil health index by R package ‘plspm’. Model performance was evaluated

using the goodness-of-fit index.

Results

EFFECTS OF BIOSOLIDS AMENDMENTS ON SOIL MULTIFUNCTIONALITY AND SOIL HEALTH
INDICES

Biosolids amendments significantly influenced soil multifunctionality and soil health indices (Fig. 1). Soil

multifunctionality was significantly higher in treatments with higher biosolids application rates, particularly in SW3
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and SW4 (Fig. 1A). The enzyme activities of ACP, SUL, AG, BG, BC, BX were highest in the SW3 treatment (Table S1),
and the activities of LAP and NAG were highest in SW4 treatment (Table S1). For soil health indices, soil parameters
including pH, TN, TP, Ca, Ni and N,O emission were selected to quantify soil health index. Among the different
treatments, there was no significant difference in soil pH and N,O emissions. Soil TN and TP significantly increased
after biosolid applications, particularly in SW3 and SW4. Soil Ca content significantly increased in SW4 while no
significant difference among other treatments were observed. Biosolids application led to substantial
improvements in different soil properties (Table S1). SHI-LA significantly increased in all biosolids-treated soils, with
no significant differences among treatments (Fig. 1B). In contrast, SHI-LWA exhibited a significant increase in SW3
and SW4 (Fig. 1C). In terms of SHI-NLA, a significant improvement was observed in SW3 and SW4, with SW4 showing
the highest values (Fig. 1D). SW1 and SW2 exhibited moderate increases but were not significantly different from the
control. SHI- NWLA displayed the most pronounced variations, with a clear increase from SW1 to SW4 (Fig. 1E). The
lowest values were found in control, while SW3 and SW4 significantly outperformed SW1 and SW2. The correlation
matrix provides insights into the relationships between SMF and various soil health indices (Fig. 2). SMF exhibited

significant positive correlations with all SHI (Fig. 2).

EFFECTS OF SOIL MICROBIAL DIVERSITY ON SOIL MULTIFUNCTIONALITY

There was significant positive correlation of SMF with bacterial and AM fungal richness but not to fungal richness
(Fig. 3). As evident in the Mantel test, soil bacterial and AM fungal community dissimilarity were positively correlated
to multifunctionality dissimilarity. Soil fungal community dissimilarity did not exhibit a significant correlation with
multifunctionality dissimilarity (Fig. 3). A co-occurrence network for bacteria and fungi was made to assess the
impact of biosolids amendments on their interactions (Fig. 4A). The network analysis revealed a total of 18 keystone
taxa, comprising 7 bacterial, 5 fungal and 6 AM fungal OTUs (Fig. 4B). As presented in Table S2, Glomerales
dominated the AM fungal OTUs, while Acidobacteriota and Proteobacteria were the major bacterial OTUs.
Ascomycota and Glomeromycota dominated the fungal OTUs. Among the keystone, only AM fungal OTU64 and
bacterial OTU372 and OTU40 were positively related to SMF and soil health index. The result of PLS-PM showed soil
factors including pH and SOC had positive effects of AM fungal, bacterial diversity and community composition
while they had negative effects on fungal diversity and community composition. Bacteria and AMF had positive
effects on SMF which further contributed to soil health index. In addition, we found that AMF had, indirectly, positive
effect on SMF (Fig. 5).
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1.1. Soil multifunctionality influenced by AMF inoculation

The pot experiment demonstrated that AMF inoculation, particularly under high biosolids application, significantly
reduced Cu and Zn concentrations in the soil (Table 1). Moreover, soil multifunctionality and plant biomass were
also significantly influenced by biosolids application rates and AMF inoculation (Fig. 6A; Fig. S2). The LAM and HAM
treatments exhibited significantly higher soil multifunctionality compared to the CAM and CNM treatments,
suggesting that AMF inoculation positively influenced soil health and ecosystem functions. Functional genes of
carbon (Fig. 6B), nitrogen (Fig. 6C), and sulfur (Fig. 6E) cycling gene abundances did not show significant variation
across treatments. However, AMF inoculation significantly increased phosphorus cycling gene abundance in no-

biosolids application soil (Fig. 6D).

Fig. 1. The effects of biosolids application on soil multifunctionality (A), and soil health index (B, C, D, F) in soils with

varying rates of biosolids application. Different lowercase letters indicate significant differences (p < 0.05) among

different treatments.
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Fig. 2. The relationship between soil multifunctionality and different soil health indices. Significance is indicated by p

<0.05%, p<0.01**and p <0.001***
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Furthermore, correlation analyses demonstrated significant positive correlations between soil multifunctionality
and maize biomass (Fig. 6F; R =0.49, p = 0.0025), carbon cycling genes (Fig. 6G; R=0.59, p = 0.011), nitrogen cycling
genes (Fig. 6H; R =0.52, p = 0.0219), phosphorus cycling genes (Fig. 61; R=0.52, p = 0.013), and sulfur cycling genes
(Fig. 6J; R=0.17, p = 0.0022).
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Gene abundances associated with C, N, P, and S cycling exhibited distinct variation among treatments. As evident
in Fig. 7, genes involved in carbon fixation and decomposition showed increased abundance in HAM and LAM
treatments in comparison to the control. Key genes associated with nitrification, organic nitrogen metabolism, and
denitrification were significantly enriched in AMF inoculated soils (Fig. 7). The highest expression levels were
observed in the HAM and LAM treatments, indicating that biosolids application and AMF inoculation promoted
nitrogen transformation processes. Notably, genes related to dissimilatory nitrate reduction (DNRA) were reduced
in LNM and HNM treatments Regarding the phosphorus cycle, genes associated with inorganic phosphorus
solubilization, and organic phosphorus mineralization were more abundant in the HAM and LAM treatments (Fig. 7).
For the sulfur cycle, genes associated with sulfide oxidation, dissimilatory sulfate reduction, and sulfur
disproportionation exhibited higher abundance in HAM and LAM treatments than in the control (Fig. 7). Overall, AMF

inoculation enhanced microbial functional potential for

key biogeochemical cycling processes, including carbon degradation, nitrogen transformation, phosphorus

solubilization, and sulfur reduction in biosolids application soils.

Discussion

APPROPRIATE APPLICATION RATES OF BIOSOLIDS ENHANCE SOIL HEALTH AND
MULTIFUNCTIONALITY

Biosolids containing abundant organic matter and essential nutrients such as nitrogen, phosphorus, and
potassium, have gained attention as a potential soil amendment with the growing emphasis on sustainable
agricultural practices (Elgarahy et al., 2024). In our study, we found that long-term application of biosolids
significantly improved soil health and multifunctionality. In the present study, SHI and SMF are largely
complementary. They only share one common indicator—soil respiration—while other parameters represent
distinct aspects: SMF mainly represents the biological and ecological functioning of soils, emphasizing processes
such as carbon and nutrient cycling. In contrast, SHI is a broader composite indicator that additionally incorporates
physicochemical and contamination-related parameters. Therefore, SHI and SMF are partly overlapping but largely
complementary indicators that together provide a comprehensive evaluation of soil status under long-term
biosolids application. We observed that biosolids application has been previously reported to improve soil organic
matter, and soil structure by increasing aggregation, water retention and aeration (Elgarahy et al., 2024; Lu et al.,

2012). This is particularly beneficial for soils with poor physical properties, such as sandy or compacted soils. The
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improved soil structure can enhance water infiltration and regulate water flow, thereby reducing erosion.
Additionally, the increased organic matter content contributes to carbon sequestration, mitigating climate change
(Wijesekaraetal.,2021; Wijesekara et al., 2017). The nutrients in biosolids, such as nitrogen and phosphorus, provide
essential elements for plant growth, reducing the need for synthetic fertilizers (Rigby et al., 2016; Lu et al., 2012).
This can not only promote plant yield but also minimizes the environmental impact associated with fertilizer runoff
(Rigby et al., 2016; Pritchard et al., 2010), and negate the costs incurred on fertilizer applications in agricultural
fields. Furthermore, biosolids application can increase soil microbial diversity and activity, which play a crucial role
in promoting nutrient cycling and organic matter decomposition (Pathma and Sakthivel, 2012). Enhanced soil
microbial activity can lead to improved soil fertility and resilience, contributing to the overall health and

multifunctionality of the soil ecosystem.

While the benefits of biosolids application are evident, excessive use can lead to soil degradation (Gianico et al.,
2021). In our study, it was found that soil health was reduced in treatment SW4. This could be due to the heavy
metals accumulation as they are often present in biosolids (Sun et al., 2024). Over time, these metals can build up
in the soil, posing risks to plant health, soil organisms, and ultimately human health through the food chain. Heavy

metals can disrupt soil microbial communities, reducing their diversity and activity (Abdu et al., 2017).

This can negatively impact nutrient cycling and organic matter decomposition, compromising soil health and
multifunctionality (Alengebawy et al., 2021; Cardoso et al., 2013). Additionally, heavy metals can be toxic to plants,
inhibiting root growth and reducing crop vyields (Bharti and Sharma, 2022). In severe cases, heavy metal
contamination can render soils unsuitable for agricultural use (Wu et al., 2022; Kumar et al., 2019). Therefore, it is
crucial to determine the optimal application rates and monitor soil conditions to maximize the benefits of biosolids

while minimizing potential risks.
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Fig. 3. The relationship between soil bacterial, fungal, AM fungal richness and community dissimilarity with soil

multifunctionality.
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BACTERIA AND AMF AS KEY DRIVERS OF MULTIFUNCTIONALITY IN SOILS TREATED LONG-TERM
WITH BIOSOLIDS

In our study, we found that bacterial and AM fungal diversity were positively related to soil multifunctionality (Fig.
3). Bacteria are among the most abundant and diverse microorganisms in soil, and their activity is essential for
maintaining soil health. In soils amended with biosolids, bacteria play a key role in decomposing organic matter
and releasing nutrients such as nitrogen and phosphorus (Ahmad et al., 2019; Zhu et al., 2019). This process not only
enhances soil fertility but also supports plant growth. Moreover, certain bacterial species have the ability to
immobilize heavy metals, reducing their bioavailability and toxicity. For example, Pseudomonas and Azotobacter
have been reported to produce extracellular polymeric substances (EPS) that can bind heavy metals, intercepting

them from entering the soil solution (Zeng et al., 2020; Gupta and Diwan, 2017).
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Fig. 4. Co-occurrence network of microbial interactions (A), keystone taxa distribution network (B), and relationship
between keystone taxa abundance and soil multifunctionality and soil health index (C) in soils with varying rates of

biosolids application. Significance is according to p <0.05*, p<0.01**and p <0.001***,
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Fig. 5. Partial least squares path analysis for the effects soil parameters on the relationship between soil microbial
diversity and soil multifunctionality as well as soil health index.

Soil factors
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Note: * indicates p < 0.05; ** indicates p < 0.01, *** indicates p < 0.001, respectively. Green and red line indicate positive and negative
relationships, respectively. Continuous and dashed lines indicate significant and nonsignificant relationships, respectively. R2 denotes the
proportion of variance explained.

Moreover, Streptomyces rimosus has Been reported to transform heavy metals into less toxic forms via processes
such as oxidation, reduction, or methylation (Etesami, 2018; Das et al., 2016). These mechanisms contribute to the
resilience of bacterial communities in biosolids-amended soils, allowing them to maintain their functions despite
the presence of heavy metals. Further, AMF can form symbiotic relationships with plant roots, extending their
hyphae into the soil to access nutrients and water for plants. In return, the fungi receive carbohydrates from the
plants (Wahab et al., 2023; Wipf et al., 2019). This mutualistic relationship could be particularly beneficial in
biosolids-amended soils, where AMF could enhance plant uptake of nutrients such as phosphorus, which is often
present in biosolids in forms that are not readily available to plants (Table 1). AMF also plays a crucial role in
mitigating the effects of heavy metals. The hyphae of AMF can bind heavy metals, reducing their translocation to
plantroots (Riazetal.,2021; Bhantanaetal.,2021). Additionally, AMF have been reported to improve plant tolerance
to heavy metals by enhancing antioxidant enzyme activity and reducing oxidative stress (Riaz et al., 2021; Dhalaria
et al., 2020). These mechanisms suggest that AMF are an important component of soil microbial communities in

biosolids- amended soils, contributing to soil multifunctionality and plant health (Table 1; Fig. S1; Fig. 6).

Another concern associated with biosolids application is the presence of antibiotics, which can enter the soil
through the application of biosolids derived from wastewater treatment plants (Elgarahy et al., 2024; Clarke and

Smith, 2011). Antibiotics can disrupt soil microbial communities, reducing their diversity and activity (Cycon et al.,
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2019; Caracciolo et al., 2015). However, both bacteria and AMF appear resilient to antibiotics, allowing them to
maintain their functions in biosolids-amended soils (Sun et al., 2025; Santaella and Plancot, 2020). For example,
some bacteria possess antibiotic resistance genes, enabling them to survive in the presence of antibiotics (Jian et
al., 2021). These bacteria can continue to perform essential functions such as nutrient cycling and organic matter
decomposition. Similarly, AMF may tolerate certain antibiotics, maintaining their symbiotic relationships with
plants and contributing to soil health (Wahab et al., 2023; Fall et al., 2022). Therefore, bacteria and AMF are key
drivers of multifunctionality in soils with long-term biosolids application. Their roles in nutrient cycling, heavy metal

immobilization, and plant growth promotion are essential for maintaining soil health and productivity.

AMF MITIGATION OF HEAVY METAL STRESS AND ENHANCEMENT OF SOIL MULTIFUNCTIONALITY
IN BIOSOLIDS-AMENDED SOILS

The long-term application of biosolids in agricultural soils can lead to the accumulation of heavy metals (Table 1,
Table S1), posing a threat to soil health and plant growth (Gianico et al., 2021; Kumar et al., 2017). Bioaugmentation
with AMF serves as a sustainable measure to increase plant resistance to heavy metal stress while suppressing the
environmental spread of these contaminants (Sun et al., 2025). In this study, AMF incubation could mitigate heavy
metal stress and enhance plant biomass and soil multifunctionality in biosolids-amended soils (Fig. 5; Fig. S2). AMF
have been previously reported to play a crucial role in reducing the bioavailability and toxicity of heavy metals in
biosolids- amended soils. Safronova et al. (2011) suggested that one of the primary mechanisms could be through

the binding of heavy metals to fungal cell walls and hyphae.

Table 1The effect of AMF inoculation on soil heavy metals contents in soils with different biosolids application rates

Blosolids AMF Microblome Cu (mg/keg) Zn (mg kg Cd (mz/ke) Pd (mgz/kg) Hz (mg/ kg)
Control AM Sterilized 2568 £ 0.6 fg 8295 4+ 0.18ef 0.2 £ 0.01c 2729 £ 0.4 0.08 + 001
Control AM Unsterilized 2444 £ 0.25¢ &0.44 + 0.41F 019 % Oc 26.59 £ 0.16ab 0.12 £ 003
Control NM Sterilized 2517 £ 05212 84.42 £+ 0.96a 0.19 + D¢ 26.62 + 0.23ab 0.1 £ 0.01c
Control NM Unster{lized 2483 £ 0351 83 + 0.89%f 0.2 + 0c 246.53 £ 0.21ab 0.14 + 0.02¢
Low AM Sterilized 27.86 + 0.95de 9789 +£ 1.1d Q.21 + D 25.58 + 0.78¢c 0.32 + 0.08be
Low AM Unster{lized 26.61 + 0.26ef 98.25 + 0.48d 0.2 +£ 0.01c 26.29 + 0.07be 0.19 £ 0.01be
Low WM Sterilized 28.78 + 0.95d 102,82 £ 0.5% 0.2+ 0c 26.02 £ 0.1bc 0.19 £+ 0.01be
Low WM Unsterilized 28.43 £ 0.72de 1025 4 0.33c 0.2+ 0c 26,49 + 0.01abe 1.54 £ 1.11a
High AM Sterilized 447 £ 0.53b 204,46 £ 2.31b 0.29 £ Oab 24.3 1+ 0.06d 1.08 £ (.1abe
Hizh AM Unster{lized 4266 £ 0.20c 201.93 + 0.32b 0.28 + Ob 24.14 + 0.04d 1 + 0.09abc

Hizh NM Sterilized 46.60 + 0.22ab 21562 + 0.06a 0.3 £ 0.01a 24.16 + 0.1ad 1.26 + 0.16ab

High M Unsterilized 46.78 £ 0.76a 213.44 £ 0.21a 0.29 £ 0.01ab 24.28 + 0.09d 0.84 £ 0.04abc
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.Fig. 6. The influence of AMF inoculation on soil multifunctionality, and carbon, nitrogen, phosphorus and sulfur cycling

gene abundance in soils with varying rates of biosolids application.Lowercase letters indicate significant differences

(p < 0.05) between the treatments.
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The chitin and glomalin in AMF cell walls have a high affinity for heavy metals, effectively immobilizing them and
preventing their uptake by plant roots (Sun and Shahrajabian, 2023; Riaz et al., 2021). Moreover, AMF modulate the
chemical speciation of heavy metals in the soil, for instance, through the secretion of organic acids that reduce
metal solubility and biological availability (Wang et al., 2022b). Furthermore, AMF can enhance plant tolerance to
heavy metals through several mechanisms. Firstly, they improve nutrient uptake, particularly phosphorus, which is
essential for plant growth and stress tolerance (Bhantana et al., 2021; Begum et al., 2019). Secondly, AMF can induce
the production of antioxidant enzymes in plants, such as superoxide dismutase and catalase (Zou et al., 2021), which
could neutralize reactive oxygen species (ROS) generated by heavy metal stress, reducing oxidative damage to plant

cells (Rizwan et al., 2018; Liang et al., 2017).

In addition, AMF could contribute to soil multifunctionality by enhancing nutrient cycling and improving soil
structure, promoting plant growth (Bhantana et al., 2021). In our study, we found that AMF inoculation significantly

increased the functional gene abundance involved in carbon, phosphorus, and sulfur cycling processes (Fig. 6). The
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enhanced abundance of functional genes related to carbon, phosphorus, and sulfur cycling suggests an increased
microbial capacity for organic matter decomposition and nutrient mineralization, which supports higher soil
multifunctionality. These functional shifts align with the observed improvements in soil enzyme activities and plant
performance, indicating that AMF inoculation promotes nutrient cycling through both biochemical and genetic
pathways. The hyphal networks of AMF extend into the soil, increasing the surface area for nutrient absorption and
facilitating the transfer of nutrients to plants (Riaz et al., 2021; Wipf et al., 2019). This process enhances soil fertility
and supports sustainable agricultural production. Furthermore, previous studies have indicated that AMF could
improve soil aggregation by producing glo- malin, which could enhance water infiltration, reduce erosion, and

increase the resilience of soils to environmental stresses (Hartmann and Six, 2023; Keesstra et al., 2018).

Fig. 7. The influence of AMF inoculation on specific types of soil carbon, nitrogen, phosphorus, and sulfur cycling gene
abundance in soils treated with different biosolids concentrations. The colors represent Z-score standardized

abundance values, with blue indicating lower and red indicating higher abundance.

[ ' Carbon fixation ' 15
Carbon decomposiotion

| Methanogenesis 95

I Assimilatory nitrate reduction (ANRA) ‘30 5
Denitrification -1
Dissimilatory nitrate.reduction (DNRA) I-1.5
Nitrification

Nitrogen transport

Organic N metabolism

Inorganic P solubilization

Organic P mineralization
[ Oxidation of methane
Polyphosphate degradation
~ |Polyphosphate synthesis

Regulatory

Dissimilatory sulfate reduction and oxidation
Organic S mineralization
Sulfate reduction
Sulfate transport
Sulfide oxidation
Sulfite oxidation
Sulfur disproportionation
Tetrathionate to thiosulfate
Thiosulfate disproportionation
Thiosulfate oxidation by SOX complex
Thiosulfate to tetrathionate
Transporters

I

pr—

S S S



Published in : Applied Soil Ecology (2026), vol. 217, 106615

DOI: 10.1016/j.apsoil.2025.106615 : ‘ LI EG E

Status : Postprint (Author’s version) université

Therefore, AMF plays a vital role in mitigating heavy metal stress and enhancing soil multifunctionality in biosolids-
amended soils. By leveraging the benefits of AMF, it is possible to maximize the positive impacts of biosolids
application while minimizing the risks associated with heavy metal contamination. Future research should focus on
optimizing AMF inoculation strategies and understanding their interactions with other soil microorganisms to

further enhance soil health and productivity.

Conclusion

Overall, long-term application of biosolids at optimal rates significantly enhances soil health and multifunctionality.
Soil AM fungal and bacterial diversity and communities showed positive correlations with soil multifunctionality.
The abundance of AM fungal and bacterial keystone taxa was positively correlated to soil multifunctionality. The
pot experiments corroborated with the results observed for the analyses of soil from the field, and showed that AM
fungalinoculation significantly increased soil multifunctionality and the potential for carbon, nitrogen, phosphorus,
and sulfur cycling. The carbon, nitrogen, phosphorus and sulfur cycling genes were positively related to
multifunctionality. Further, AMF-bioaugmented soils showed lower accumulation of heavy metals. These findings
highlight the potential of combining biosolids application with AM fungal bioaugmentation as a sustainable
agricultural practice to improve soil fertility and ecosystem functioning while reducing the harmful impact of heavy
metals accumulation that biosolids-applied soils frequently encounter. However, careful management with respect
to application rates is essential as overuse of biosolids reduces soil health and multifunctionality while increasing
the risk of heavy metal accumulation. Despite these insights, several limitations should be acknowledged. The
laboratory incubation and pot experiments were conducted under controlled conditions, which may not fully
capture field-scale heterogeneity and long-term environmental variability. In addition, the mechanisms linking
microbial functional genes to ecosystem processes were inferred rather than directly verified through approaches
such asisotopic tracing or meta- transcriptomics. Future studies should therefore emphasize field-based validation
across diverse soil types and climatic regions, and integrate multi-omics analyses to link microbial functions with
soil processes and ecosystem multifunctionality more precisely. This study provides a strategy for optimizing
biosolids use in agriculture for maintaining soil health and multifunctionality while mitigating the risk of heavy

metals accumulation for long-term sustainability.



Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 i ‘ LI EG E

Status : Postprint (Author’s version) université

CREDIT AUTHORSHIP CONTRIBUTION STATEMENT

Tao Sun: Writing - original draft, Methodology, Investigation, Formal analysis, Conceptualization.
Pierre Delaplace: Writing - review & editing.

Guihua Li: Writing - review & editing.

Anina James: Writing - review & editing.

Junting Pan: Writing - review & editing, Supervision, Investigation, Conceptualization.

Jianfeng Zhang: Resources, Project administration, Funding acquisition, Conceptualization.
FUNDING

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit

sectors.
DECLARATION OF COMPETING INTEREST

The authors declare that they have no known competing financial interests or personal relationships that could

have appeared to influence the work reported in this paper.
ACKNOWLEDGMENTS

This study was supported by the National Natural Science Foundation of China (22176215), the Shandong Provincial
Key Research and Development Program (2023TZXD087), and the China Scholarship Council (No. 202393250064).

APPENDIX A. SUPPLEMENTARY DATA
Supplementary data to this article can be found online at https://doi. org/10.1016/j.aps0il.2025.106615.
DATA AVAILABILITY

Data will be made available on request.


https://doi.org/10.1016/j.apsoil.2025.106615
https://doi.org/10.1016/j.apsoil.2025.106615

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P LI EG E

Status : Postprint (Author’s version) b université
References
1. Abdu, N., Abdullahi, A.A., Abdulkadir, A., 2017. Heavy metals and soil microbes. Environ. Chem. Lett. 15 (1), 65-

10.

11.

12.

13.

14.

84.

Adewara, O.A., Adebayo-Olajide, T.C., Ayedun, J.S., Kotun, B.C., Adeleke, A.J., Brown, A.D., Ogunbanwo, S.T.,
2024. Soil formation, soil health and soil biodiversity. In: Prospects for Soil Regeneration and its Impact on
Environmental Protection. Springer Nature Switzerland, Cham, pp. 95-121.

Ahmad, A.M., Ugya, A.Y., Isah, H.A., Imam, T.S., 2019. Mineralization and mobilization of biosolids phosphorus
in soil: a concise review. J. Appl. Biol. Biotechnol. 7 (05), 98-106.

Alengebawy, A., Abdelkhalek, S.T., Qureshi, S.R., Wang, M.Q., 2021. Heavy metals and pesticides toxicity in
agricultural soil and plants: ecological risks and human health implications. Toxics 9 (3), 42.

Andres-Abellan, M., Wic-Baena, C., Lopez-Serrano, F.R., et al., 2019. A soil-quality index for soil from
Mediterranean forests. Eur. J. Soil Sci. 70 (5), 1001-1011.

Begum, N., Qin, C., Ahanger, M.A,, Raza, S., Khan, M.., Ashraf, M., Zhang, L., 2019. Role of arbuscular mycorrhizal
fungiin plant growth regulation: implications in abiotic stress tolerance. Front. Plant Sci. 10, 1068.

Bell, C.W., Fricks, B.E., Rocca, J.D., Steinweg, J.M., McMahon, S.K., Wallenstein, M.D., 2013. High-throughput
fluorometric measurement of potential soil extracellular enzyme activities. Jove-J. Vis. Exp. 81.

Bhantana, P., Rana, M.S., Sun, X.C., Moussa, M.G., Saleem, M.H., Syaifudin, M., Hu, C.X., 2021. Arbuscular
mycorrhizal fungi and its major role in plant growth, zinc nutrition, phosphorous regulation and
phytoremediation. Symbiosis 84, 19-37.

Bharti, R., Sharma, R., 2022. Effect of heavy metals: an overview. Mater Today Proc 51, 880-885.

Caracciolo, A.B., Topp, E., Grenni, P., 2015. Pharmaceuticals in the environment: biodegradation and effects on
natural microbial communities. A review. J. Pharm. Biomed. Anal. 106, 25-36.

Cardoso, E.J.B.N., Vasconcellos, R.L.F., Bini, D., Miyauchi, M.Y.H., Santos, C.A.D., Alves, P.R.L., Nogueira, M.A,,
2013. Soil health: looking for suitable indicators. What should be considered to assess the effects of use and
management on soil health? Sci. Agric. 70, 274-289.

Clarke, B.O., Smith, S.R., 2011. Review of ‘emerging’ organic contaminants in biosolids and assessment of
international research priorities for the agricultural use of biosolids. Environ. Int. 37 (1), 226-247.

Cycon, M., Mrozik, A., Piotrowska-Seget, Z., 2019. Antibiotics in the soil environment—degradation and their
impact on microbial activity and diversity. Front. Microbiol. 10, 338.

Das, S., Dash, H.R., Chakraborty, J., 2016. Genetic basis and importance of metal resistant genes in bacteria for
bioremediation of contaminated environments with toxic metal pollutants. Appl. Microbiol. Biotechnol. 100,
2967-2984.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0005
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0005
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0010
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0010
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0010
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0010
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0015
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0015
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0015
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0015
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0020
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0020
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0020
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0020
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0025
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0025
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0025
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0030
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0030
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0030
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0030
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0035
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0035
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0035
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0035
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0040
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0040
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0040
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0040
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0040
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0045
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0045
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0050
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0050
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0050
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0050
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0055
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0060
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0060
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0060
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0060
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0065
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0065
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0065
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0065
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0070
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0070
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0070
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0070
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0070

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Delgado-Baquerizo, M., Maestre, F.T., Reich, P.B., Jeffries, T.C., Gaitan, J.J., Encinar, D., Singh, B.K., 2016.
Microbial diversity drives multifunctionality in terrestrial ecosystems. Nat. Commun. 7 (1), 10541.

Devi, R., Kaur, T., Kour, D., Rana, K.L., Yadav, A., Yadav, A.N., 2020. Beneficial fungal communities from different
habitats and their roles in plant growth promotion and soil health. Microbial Biosystems. 5 (1), 21-47.

Dhalaria, R., Kumar, D., Kumar, H., Nepovimova, E., Kuca, K., Torequl Islam, M., Verma, R., 2020. Arbuscular
mycorrhizal fungi as potential agents in ameliorating heavy metal stress in plants. Agronomy 10 (6), 815.

Dong, Z., Li, H., Xiao, J., Sun, J., Liu, R., Zhang, A., 2022. Soil multifunctionality of paddy field is explained by soil
pH rather than microbial diversity after 8-years of repeated applications of biochar and nitrogen fertilizer. Sci.
Total Environ. 853, 158620.

Elgarahy, A.M., Eloffy, M.G., Priya, A.K., Yogeshwaran, V., Yang, Z., Elwakeel, K.Z., Lopez-Maldonado, E.A., 2024.
Biosolids management and utilizations: a review. J. Clean. Prod. 451, 141974.

Eshaghi, A., Bommersbach, C., Zittermann, S., Burnham, C.A.D., Patel, R., Schuetz, A.N., Kus, J.V., 2021.
Phenotypic and genomic profiling of Staphylococcus argenteus in Canada and the United States and
recommendations for clinical result reporting. J. Clin. Microbiol. 59 (6), 10-1128.

Etesami, H., 2018. Bacterial mediated alleviation of heavy metal stress and decreased accumulation of metals
in plant tissues: mechanisms and future prospects. Ecotoxicol. Environ. Saf. 147, 175-191.

Fall, A.F., Nakabonge, G., Ssekandi, J., Founoune-Mboup, H., Apori, S.0., Ndiaye, A., Ngom, K., 2022. Roles of
arbuscular mycorrhizal fungi on soil fertility: contribution in the improvement of physical, chemical, and
biological properties of the soil. Frontiers in Fungal Biology. 3, 723892.

Gianico, A., Braguglia, C.M., Gallipoli, A., Montecchio, D., Mininni, G., 2021. Land application of biosolids in
Europe: possibilities, constraints and future perspectives. Water 13 (1), 103.

Green, G.B., Williams, M.B., Chehade, S.B., Morrow, C.D., Watts, S.A., Bej, A.K., 2022. High-throughput amplicon
sequencing datasets of the metacommunity DNA of the gut microbiota of zebrafish Danio rerio fed diets with
differential quantities of protein and fat contents. Data Brief 42, 108313.

Gupta, P., Diwan, B., 2017. Bacterial exopolysaccharide mediated heavy metal removal: a review on
biosynthesis, mechanism and remediation strategies. Biotechnology Reports. 13, 58-71.

Hale, R.C., King, A.E., Ramirez, J.M., La Guardia, M., Nidel, C., 2022. Durable plastic goods: a source of
microplastics and chemical additives in the built and natural environments. Environ. Sci. Technol. Lett. 9 (10),
798-807.

Han, S., Delgado-Baquerizo, M., Luo, X., Liu, Y., Van Nostrand, J.D., Chen, W., Huang, Q., 2021. Soil aggregate
size-dependent relationships between microbial functional diversity and multifunctionality. Soil Biol. Biochem.
154,108143.

Hartmann, M., Six, J., 2023. Soil structure and microbiome functions in agroecosystems. Nature Reviews Earth
& Environment. 4 (1), 4-18.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0075
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0075
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0075
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0075
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0080
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0080
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0080
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0080
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0085
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0085
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0085
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0085
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0090
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0095
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0095
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0095
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0095
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0100
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0105
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0105
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0105
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0105
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0110
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0115
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0115
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0115
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0115
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0120
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0125
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0125
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0125
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0125
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0130
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0130
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0130
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0130
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0130
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0135
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0135
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0135
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0135
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0135
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0140
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0140
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0140

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hooker, J.E., Black, K.E., 1995. Arbuscular mycorrhizal fungi as components of sustainable soil-plant systems.
Crit. Rev. Biotechnol. 15 (3-4), 201-212.

Huang, W., Zong, M., Fan, Z., Feng, Y., Li, S., Duan, C., Li, H., 2021. Determining the impacts of deforestation and
corn cultivation on soil quality in tropical acidic red soils using a soil quality index. Ecol. Indic. 125, 107580.

Hung, W.C., Miao, Y., Truong, N., Jones, A., Mahendra, S., Jay, J., 2022. Tracking antibiotic resistance through
the environment near a biosolid spreading ground: resistome changes, distribution, and metal (loid) co-
selection. Sci. Total Environ. 823, 153570.

Jia, J,, Hu, G., Ni, G., Xie, M., Li, R., Wang, G., Zhang, J., 2024. Bacteria drive soil multifunctionality while fungi
are effective only at low pathogen abundance. Sci. Total Environ. 906, 167596.

Jia, J.,de Goede, R, Li, Y., Zhang, J., Wang, G., Zhang, J., Creamer, R., 2025. Unlocking soil health: Are microbial
functional genes effective indicators? Soil Biol. Biochem. 204, 109768.

Jia, J., Zhang, J., Li, Y., Koziol, L., Podzikowski, L., Delgado-Baquerizo, M., Wang, G., Zhang, J., 2023.
Relationships between soil biodiversity and multifunctionality in croplands depend on salinity and organic
matter. Geoderma 429, 116273.

Jian, Z., Zeng, L., Xu, T., Sun, S., Yan, S., Yang, L., Dou, T., 2021. Antibiotic resistance genes in bacteria:
occurrence, spread, and control. J. Basic Microbiol. 61 (12), 1049-1070.

Jiao, S., Lu, Y., Wei, G., 2022. Soil multitrophic network complexity enhances the link between biodiversity and
multifunctionality in agricultural systems. Glob. Chang. Biol. 28 (1), 140-153.

Keesstra, S., Nunes, J., Novara, A., Finger, D., Avelar, D., Kalantari, Z., Cerda, A., 2018. The superior effect of
nature based solutions in land management for enhancing ecosystem services. Sci. Total Environ. 610, 997-
1009.

Kumar, S., Prasad, S., Yadav, K.K., Shrivastava, M., Gupta, N., Nagar, S., Malav, L.C., 2019. Hazardous heavy
metals contamination of vegetables and food chain: role of sustainable remediation approaches-a review.
Environ. Res. 179, 108792.

Kumar, V., Chopra, A.K., Kumar, A., 2017. A review on sewage sludge (biosolids) a resource for sustainable
agriculture. Archives of Agriculture and Environmental Science. 2 (4), 340-347.

Law, A., Solano, O., Brown, C.J., Hunter, S.S., Fagnan, M., Top, E.M., Stalder, T., 2021. Biosolids as a source of
antibiotic resistance plasmids for commensal and pathogenic bacteria. Front. Microbiol. 12, 606409.

Li, K., Wang, C., Zhang, H., Zhang, J., Jiang, R., Feng, G., Yu, B., 2022. Evaluating the effects of agricultural inputs
on the soil quality of smallholdings using improved indices. Catena 209, 105838.

Liang, L., Liu, W., Sun, Y., Huo, X,, Li, S., Zhou, Q., 2017. Phytoremediation of heavy metal contaminated saline
soils using halophytes: current progress and future perspectives. Environ. Rev. 25 (3), 269-281.

Liu, C., Cui, Y., Li, X., Yao, M., 2021. Microeco: an R package for data mining in microbial community ecology.
FEMS Microbiol. Ecol. 97 (2), fiaa255.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0145
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0145
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0145
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0150
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0150
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0150
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0150
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0155
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0160
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0160
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0160
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0160
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0165
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0165
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0165
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0165
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0170
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0170
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0170
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0170
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0170
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0175
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0175
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0175
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0175
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0180
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0180
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0180
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0180
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0185
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0185
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0185
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0185
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0185
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0190
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0190
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0190
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0190
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0190
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0195
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0195
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0195
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0195
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0200
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0200
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0200
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0200
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0205
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0205
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0205
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0205
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0215
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0215
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0215
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0215
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0220
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0220
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0220

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lu, Q., He, Z.L., Stoffella, P.J., 2012. Land application of biosolids in the USA: a review. Appl. Environ. Soil Sci.
2012 (1), 201462.

Luo, G., Rensing, C., Chen, H., Liu, M., Wang, M., Guo, S., Shen, Q., 2018. Deciphering the associations between
soil microbial diversity and ecosystem multifunctionality driven by long-term fertilization management. Funct.
Ecol. 32 (4), 1103-1116.

Maestre, F.T., Castillo-Monroy, A.P., Bowker, M.A., Ochoa-Hueso, R., 2012. Species richness effects on
ecosystem multifunctionality depend on evenness, composition and spatial pattern. J. Ecol. 100, 317-330.

Mahajan, G., Das, B., Morajkar, S., Desai, A., Murgaokar, D., Kulkarni, R., Sale, R., Patel, K., 2020. Soil quality
assessment of coastal salt-affected acid soils of India. Environ. Sci. Pollut. Res. 27,26221-26238.

Marchuk, S., Tait, S., Sinha, P., Harris, P., Antille, D.L., McCabe, B.K., 2023. Biosolids- derived fertilisers: a review
of challenges and opportunities. Sci. Total Environ. 875, 162555.

Mohajerani, A., Karabatak, B., 2020. Microplastics and pollutants in biosolids have contaminated agricultural
soils: an analytical study and a proposal to cease the use of biosolids in farmlands and utilise them in
sustainable bricks. Waste Manag. 107, 252-265.

Mohapatra, D.P., Cleddn, M., Brar, S.K., Surampalli, R.Y., 2016. Application of wastewater and biosolids in soil:
occurrence and fate of emerging contaminants. Water Air Soil Pollut. 227, 1-14.

Morgan, B.S., Tian, G., Oladeji, 0.0., Cox, A.E., Granato, T.C., Zhang, H., Podczerwinski, E.W., 2024. Analysis of
effects and factors linked to soil microbial populations and nitrogen cycling under long-term biosolids
application. Sci. Total Environ. 934, 173216.

Olaniran, A.O., Balgobind, A., Pillay, B., 2013. Bioavailability of heavy metals in soil: impact on microbial
biodegradation of organic compounds and possible improvement strategies. Int. J. Mol. Sci. 14 (5), 10197-
10228.

Olesen, J.M., Bascompte, J., Dupont, Y.L., Jordano, P., 2007. The modularity of pollination networks. Proc. Natl.
Acad. Sci. 104 (50), 19891-19896.

Oliveira, A., Pampulha, M.E., 2006. Effects of long-term heavy metal contamination on soil microbial
characteristics. J. Biosci. Bioeng. 102 (3), 157-161.

Op De Beeck, M., Lievens, B., Busschaert, P., Declerck, S., Vangronsveld, J., Colpaert, J. V., 2014. Comparison
and validation of some ITS primer pairs useful for fungal metabarcoding studies. PLoS One 9 (6), €97629.

Opik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J.M., Zobel, M., 2010. The online database
MaarjAM reveals global and ecosystemic distribution patterns in arbuscular mycorrhizal fungi
(Glomeromycota). New Phytol. 188 (1), 223-241.

Pandao, M.R., Thakare, A.A., Choudhari, R.J., Navghare, N.R., Sirsat, D.D., Rathod, S.R., 2024. Soil health and
nutrient management. International Journal of Plant and Soil Science. 36 (5), 873-883.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0225
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0225
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0225
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0230
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0230
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0230
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0230
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0230
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0235
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0235
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0235
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0235
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0240
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0240
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0240
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0240
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0245
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0245
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0245
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0245
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0250
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0255
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0255
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0255
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0255
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0260
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0265
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0265
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0265
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0265
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0265
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0270
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0270
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0270
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0275
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0275
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0275
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0280
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0280
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0280
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0280
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0285
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0285
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0285
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0285
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0285
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0290
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0290
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0290
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0290

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Pathma, J., Sakthivel, N., 2012. Microbial diversity of vermicompost bacteria that exhibit useful agricultural
traits and waste management potential. SpringerPlus 1, 1-19.

Pérez-de-Mora, A., Burgos, P., Madejon, E., Cabrera, F., Jaeckel, P., Schloter, M., 2006. Microbial community
structure and function in a soil contaminated by heavy metals: effects of plant growth and different
amendments. Soil Biol. Biochem. 38 (2), 327-341.

Ploughe, L.W., Akin-Fajiye, M., Gagnon, A., Gardner, W.C., Fraser, L.H., 2021. Revegetation of degraded
ecosystems into grasslands using biosolids as an organic amendment: a meta-analysis. Appl. Veg. Sci. 24 (1),
el2558.

Popoola, L.T., Olawale, T.0., Salami, L., 2023. A review on the fate and effects of contaminants in biosolids
applied on land: hazards and government regulatory policies. Heliyon 9 (10).

Pritchard, D.L., Penney, N., McLaughlin, M.J., Rigby, H., Schwarz, K., 2010. Land application of sewage sludge
(biosolids) in Australia: risks to the environment and food crops. Water Sci. Technol. 62 (1), 48-57.

Riaz, M., Kamran, M., Fang, Y., Wang, Q., Cao, H., Yang, G., Wang, X., 2021. Arbuscular mycorrhizal fungi-induced
mitigation of heavy metal phytotoxicity in metal contaminated soils: a critical review. J. Hazard. Mater. 402,
1239109.

Rigby, H., Clarke, B.O., Pritchard, D.L., Meehan, B., Beshah, F., Smith, S.R., Porter, N.A., 2016. A critical review of
nitrogen mineralization in biosolids-amended soil, the associated fertilizer value for crop production and
potential for emissions to the environment. Sci. Total Environ. 541, 1310-1338.

Rizwan, M., Ali, S., ur Rehman, M.Z., Rinklebe, J., Tsang, D.C., Bashir, A., Ok, Y.S., 2018. Cadmium
phytoremediation potential of Brassica crop species: a review. Sci. Total Environ. 631, 1175-1191.

Safronova, V.l., Piluzza, G., Bullitta, S., Belimov, A.A.,, 2011. Use of legume-microbe symbioses for
phytoremediation of heavy metal polluted soils: advantages and potential problems. In: Handbook for
Phytoremediation, p. 443.

Santaella, C., Plancot, B., 2020. Interactions of Nanoenabled Agrochemicals with Soil Microbiome. In:
Nanopesticides: From Research and Development to Mechanisms of Action and Sustainable Use in Agriculture,
pp. 137-163.

Shao, G., Ai, J., Sun, Q., Hou, L., Dong, Y., 2020. Soil quality assessment under different forest types in the mount
tai, central eastern China. Ecol. Indic. 115, 106439.

Shuaib, M., Azam, N., Bahadur, S., Romman, M., Yu, Q., Xuexiu, C., 2021. Variation and succession of microbial
communities under the conditions of persistent heavy metal and their survival mechanism. Microb. Pathog.
150, 104713.

Sun, T., Delaplace, P., Li, G., James, A., Pan, J., Zhang, J., 2025. Novel insights into the effect of arbuscular
mycorrhizal fungi inoculation in soils under long-term biosolids application: emphasis on antibiotic and metal
resistance genes, and mobile genetic elements. Environ. Pollut. 369, 125846.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0295
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0295
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0295
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0295
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0300
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0305
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0305
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0305
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0305
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0305
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0310
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0310
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0310
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0310
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0315
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0315
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0315
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0315
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0320
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0320
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0320
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0320
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0320
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0325
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0330
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0330
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0330
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0330
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0335
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0335
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0335
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0335
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0335
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0340
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0340
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0340
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0340
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0340
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0345
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0345
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0345
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0350
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0350
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0350
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0350
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0350
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0355

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sun, T., Li, G., Mazarji, M., Delaplace, P., Yang, X., Zhang, J., Pan, J., 2024. Heavy metals drive microbial
community assembly process in farmland with long-term biosolids application. J. Hazard. Mater. 468, 133845.

Sun, W., Shahrajabian, M.H., 2023. The application of arbuscular mycorrhizal fungi as microbial biostimulant,
sustainable approaches in modern agriculture. Plants 12 (17), 3101.

Teague, R., Kreuter, U., 2020. Managing grazing to restore soil health, ecosystem function, and ecosystem
services. Frontiers in Sustainable Food Systems. 4, 534187.

Van Geel, M., Busschaert, P., Honnay, O., Lievens, B., 2014. Evaluation of six primer pairs targeting the nuclear
rRNA operon for characterization of arbuscular mycorrhizal fungal (AMF) communities using 454
pyrosequencing. J. Microbiol. Methods 106, 93-100.

Wahab, A., Muhammad, M., Munir, A., Abdi, G., Zaman, W., Ayaz, A., Reddy, S.P.P., 2023. Role of arbuscular
mycorrhizal fungi in regulating growth, enhancing productivity, and potentially influencing ecosystems under
abiotic and biotic stresses. Plants 12 (17), 3102.

Walters, W., Hyde, E.R., Berg-Lyons, D., et al., 2016. Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal
internal transcribed spacer marker gene primers for microbial community surveys. Msystems 1 (1) e00009-15.

Wang, F., Zhang, L., Zhou, J., Rengel, Z., George, T.S., Feng, G., 2022a. Exploring the secrets of hyphosphere of
arbuscular mycorrhizal fungi: processes and ecological functions. Plant Soil 481 (1), 1-22.

Wang, H.R., Zhao, X.Y., Zhang, J.M., Lu, C., Feng, F.J., 2022b. Arbuscular mycorrhizal fungus regulates cadmium
accumulation, migration, transport, and tolerance in Medicago sativa. J. Hazard. Mater. 435, 129077.

Wijesekara, H., Bolan, N.S., Thangavel, R., Seshadri, B., Surapaneni, A, Saint, C., Vithanage, M., 2017. Theimpact
of biosolids application on organic carbon and carbon dioxide fluxes in soil. Chemosphere 189, 565-573.

Wijesekara, H., Colyvas, K., Rippon, P., Hoang, S.A., Bolan, N.S., Manna, M.C., Kirkham, M.B., 2021. Carbon
sequestration value of biosolids applied to soil: a global meta-analysis. J. Environ. Manag. 284, 112008.

Wipf, D., Krajinski, F., van Tuinen, D., Recorbet, G., Courty, P.E., 2019. Trading on the arbuscular mycorrhiza
market: from arbuscules to common mycorrhizal networks. New Phytol. 223 (3), 1127-1142.

Wright, S.F., Upadhyaya, A., 1996. Extraction of an abundant and unusual protein from soil and comparison
with hyphal protein of arbuscular mycorrhizal fungi. Soil Sci. 161 (9), 575-586.

Wright, S.F., Upadhyaya, A., Buyer, J.S., 1998. Comparison of N-linked oligosaccharides of glomalin from
arbuscular mycorrhizal fungi and soils by capillary electrophoresis. Soil Biol. Biochem. 30 (13), 1853-1857.

Wu, Y., Li, X,, Yu, L., Wang, T., Wang, J., Liu, T., 2022. Review of soil heavy metal pollution in China: spatial
distribution, primary sources, and remediation alternatives. Resour. Conserv. Recycl. 181, 106261.

Wu, Y., Zeng, J., Zhu, Q., Zhang, Z., Lin, X., 2017. pH is the primary determinant of the bacterial community
structure in agricultural soils impacted by polycyclic aromatic hydrocarbon pollution. Sci. Rep. 7 (1), 40093.

Yu, P., Han, D., Liu, S., Wen, X., Huang, Y., Jia, H., 2018. Soil quality assessment under different land uses in an
alpine grassland. Catena 171, 280-287.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0360
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0360
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0360
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0360
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0365
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0365
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0365
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0365
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0370
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0370
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0370
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0375
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0380
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0385
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0385
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0385
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0385
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0390
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0390
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0390
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0390
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0395
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0395
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0395
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0395
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0400
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0400
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0400
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0400
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0405
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0405
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0405
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0405
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0410
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0410
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0410
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0410
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0415
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0415
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0415
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0415
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0420
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0420
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0420
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0420
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0425
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0425
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0425
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0425
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0430
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0430
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0430
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0430
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0435
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0435
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0435

Published in : Applied Soil Ecology (2026), vol. 217, 106615 =
DOI: 10.1016/j.apsoil.2025.106615 < P L I EG E
Status : Postprint (Author’s version) b universite

87.

88.

89.

90.

91.

92.

93.

Zeng, W., Li, F., Wu, C., Yu, R., Wu, X., Shen, L., Li, J., 2020. Role of extracellular polymeric substance (EPS) in
toxicity response of soil bacteria Bacillus sp. S3 to multiple heavy metals. Bioprocess Biosyst. Eng. 43, 153-167.

Zhang, G., Bai, J., Xi, M., Zhao, Q., Lu, Q., Jia, J., 2016. Soil quality assessment of coastal wetlands in the Yellow
River Delta of China based on the minimum data set. Ecol. Indic. 66, 458-466.

Zhang, J., Li, Y., Jia, J., Liao, W., Amsili, J.P., Schneider, R.L., van Es, H.M., Li, Y., Zhang, J., 2023. Applicability of
soil health assessment for wheat-maize cropping systems in smallholders’ farmlands. Agric. Ecosyst. Environ.
353, 108558.

Zhang, R., Xu, Q., Song, Z., Wu, J., Chen, H., Bai, X., Huang, D., 2024. Manipulating soil microbial community
assembly by the cooperation of exogenous bacteria and biochar for establishing an efficient and healthy CH4
biofiltration system.Chemosphere 352, 141319.

Zheng, H., Feng, N., Yang, T., Shi, M., Wang, X., Zhang, Q., Xing, B., 2021. Individual and combined applications
of biochar and pyroligneous acid mitigate dissemination of antibiotic resistance genes in agricultural soil. Sci.
Total Environ. 796, 148962.

Zhu, L., Zhao, Y., Zhang, W., Zhou, H., Chen, X., Li, Y., Wei, Z., 2019. Roles of bacterial community in the
transformation of organic nitrogen toward enhanced bioavailability during composting with different wastes.
Bioresour. Technol. 285, 121326.

Zou, Y.N., Wu, Q.S., Kuca, K., 2021. Unravelling the role of arbuscular mycorrhizal fungi in mitigating the
oxidative burst of plants under drought stress. Plant Biol. 23, 50-57.


http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0440
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0440
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0440
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0440
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0445
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0445
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0445
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0445
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0450
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0450
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0450
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0450
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0450
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0455
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0460
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0460
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0460
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0460
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0460
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0465
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0470
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0470
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0470
http://refhub.elsevier.com/S0929-1393(25)00753-X/rf0470

