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Biochar‑loaded AM fungi coupled 
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Abstract 

Red mud, a saline-alkaline and metal-contaminated byproduct, poses severe ecological risks. This study eluci-
dates the synergistic remediation mechanisms of biochar (BC) combined with arbuscular mycorrhizal fungi (AMF) 
in an Arundo donax-soil system. We specifically investigated biochar loaded with Funneliformis mosseae (BC–FM) 
and that loaded with Rhizophagus intraradices (BC–RI). The BC–FM treatment significantly enhanced the plant anti-
oxidant system and photosynthetic capacity while reducing the content of exchangeable arsenic (As) and soil pH, 
thereby inducing a “photosynthesis enhancement-As immobilization” synergy. In contrast, the BC–RI treatment mark-
edly increased plant biomass and soil microbial α–diversity, while simultaneously reducing the contents of soil lead 
(Pb) and sodium ions (Na⁺) and enhancing alkaline phosphatase activity—thus demonstrating a “Pb fixation–micro-
bial diversity–soil phosphorus (P) activation” cascade. Rhizosphere network analysis identified key bacterial genera, 
with Longimicrobiaceae driving soil organic carbon accumulation in the BC–FM treatment and Lechevalieria enhanc-
ing alkaline phosphatase (ALP) activity in the BC–RI treatment. These findings support a novel “fungal species–heavy 
metal valency matching” principle, where RI preferentially targets cationic Pb, while FM targets anionic As. This prin-
ciple establishes a three-dimensional synergistic model: “Heavy metal transformation–concurrent salinity-alkalinity 
mitigation–microbial function activation”. The results provide a foundational strategy for zonal red mud remediation: 
applying BC–RI in Pb–dominated areas and BC–FM in As–contaminated areas.

Highlights 

•	 Proposed “Fungal species−metal valency matching” enables zonal RM remediation: BC−RI for Pb, BC−FM for As.
•	 The BC–FM synergy boosts photosynthesis and immobilizes As (V), thereby alleviating saline-alkali stress.
•	 BC−RI enhances biomass, immobilizes Pb, diversifies the microbiota, and activates P.
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•	 Rhizosphere microbial networks reveal key genera (Longimicrobiaceae, Lechevalieria) driving C accumulation 
and ALP enhancement.

Keywords  Biochar-based inoculation, Co-contaminated soil, Salinity-alkalinity stress, Heavy metal toxicity, Arundo 
donax

Graphical Abstract

1  Introduction
Red mud (RM) is a highly alkaline and saline residue gen-
erated during alumina production, characterized by ele-
vated levels of potentially toxic elements (PTEs) such as 
cadmium (Cd), arsenic (As), and lead (Pb) (Li et al. 2024). 
Its large-scale storage poses significant environmental 
risks due to the potential for contaminants to leach into 
soil and groundwater, necessitating the development of 
effective and sustainable remediation strategies (Sarath-
ambal et al. 2017; Di et al. 2019a, b). While phytoremedi-
ation using tolerant plants offers an eco-friendly solution, 
the extreme polymetallic-alkaline-saline stress in RM 
severely inhibits plant growth and remediation efficiency.

The giant reed (Arundo donax) presents a promising 
candidate for RM phytoremediation due to its high bio-
mass production, deep root system, and documented 
tolerance to combined heavy metal and salinity stress 
(Alshaal et al. 2013; Zhang et al. 2021; Tóth et al. 2024). 
Preliminary studies by our research group have con-
firmed its ability to complete its life cycle under extreme 
RM conditions. However, RM’s extreme polymetallic-
alkaline-saline stress severely inhibits plant growth, 

biomass production, root development, and remediation 
efficiency (Wang et  al. 2025). Therefore, the success of 
phytoremediation in such a hostile matrix requires syn-
ergistic approaches to enhance plant resilience and soil 
functionality.

Arbuscular mycorrhizal fungi (AMF) form symbiotic 
associations with most terrestrial plants, enhancing host 
stress tolerance by improving nutrient (e.g., phospho-
rus) and water acquisition (Deng et  al. 2025). Specific 
AMF species, such as Funneliformis mosseae (FM) and 
Rhizophagus intraradices (RI), have demonstrated dis-
tinct capabilities in contaminated environments (Zhang 
et al. 2022). FM is known for secreting glomalin-related 
soil proteins that can chelate metals (Liu et al. 2025a, b), 
while RI can enhance plant biomass and alter metal bio-
availability (Zhu et al. 2024). Nevertheless, AMF perfor-
mance in RM is often limited by low colonization rates 
under extreme stress.

Biochar (BC) amendment can create a more favora-
ble microenvironment by adsorbing PTEs, ameliorating 
pH, and improving soil structure (Rijk et  al. 2024; Dou 
et  al. 2024). Crucially, biochar significantly enhances 
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AMF colonization and activity (Videgain-Marco et  al. 
2021). Although the combined application of biochar 
and AMF has shown promise in various contaminated 
soils (Zaman et al. 2025; Wen et al. 2025), the synergistic 
mechanisms in the complex and extreme context of RM 
remain poorly understood. Moreover, the potential for a 
functional match between specific AMF species and the 
valence states of predominant contaminants (e.g., anionic 
AsO4

3− vs. cationic Pb2+) has not been explored. This gap 
hinders the development of targeted and efficient reme-
diation strategies.

This study introduces a novel “fungal species–heavy 
metal valence matching” framework to investigate the 
synergistic remediation of RM using biochar loaded with 
two distinct AMF species, Funneliformis mosseae (BC–
FM) and Rhizophagus intraradices (BC–RI), in associa-
tion with A. donax. We hypothesize that: (1) BC–FM and 
BC–RI will differentially enhance plant physiological 
performance of A. donax (photosynthesis, antioxidant 
defense system, and biomass) under RM stress; (2) the 
amendments will specifically reduce the mobility and 
environmental risk of valency-matched PTEs (BC–FM 
for As and BC–RI for Pb), while concurrently alleviat-
ing salinity-alkalinity stress; (3) this targeted approach 
will restructure the rhizosphere microbial community 
and upregulate key soil enzymatic activities, leading to 
improved soil health and function. Our findings aim to 
provide a mechanistic foundation for a zonal remedia-
tion strategy tailored to the specific contaminant profile 
of RM sites.

2 � Materials and methods
2.1 � Experimental materials
Tissue-cultured seedlings of giant reed (A. donax) were 
obtained from the Guangxi Institute of Botany (Xian 
et  al. 2018). Seedlings were acclimated in a sand-clay-
humus substrate for 30 days (survival rate ≥ 98%) prior to 
the experiment. Uniform seedlings (wet weight 10 ± 0.5 g) 
were selected for transplantation.

The arbuscular mycorrhizal fungi (AMF) species Rhizo-
phagus intraradices (RI) and Funneliformis mosseae (FM) 
were procured from the Chinese Academy of Agricul-
tural Sciences. Fungal inocula were propagated on maize 
(Zea mays L.) hosts grown in sterilized sand for four 
months in a greenhouse, with Hoagland nutrient solution 
supplied every 2–3 days.

Straw-derived biochar (BC) was obtained from Zheng-
zhou Dingyi Environmental Protection Technology Co., 
Ltd., with a particle size ranging from 425 to 600 μm. Its 
basic physicochemical properties were characterized as 
follows: pH 9.46, soil organic carbon (SOC) 42.21%, total 
nitrogen (TN) 8.34%, total phosphorus (TP) 2.31%, total 
potassium (TK) 16.12%, and ash content 7.23%. Prior 

to inoculation with AMF, the biochar was sterilized by 
autoclaving at 121 ℃ for 30 min to eliminate indigenous 
microbial interference.

The red mud (RM) was collected from a disposal site 
in Pingguo County, Guangxi Zhuang Autonomous 
Region. Key initial properties of the RM were as follows: 
pH 10.64, organic matter 3.44 g kg−1, TN 0.18 g kg−1, TP 
0.14  g  kg−1, sodium ion (Na+) 20.77  g  kg−1, potassium 
ion (K+) 2.63  g  kg−1, iron (Fe) 276.65  g  kg−1, aluminum 
(Al) 161.01 g kg−1, magnesium (Mg) 5.03 g kg−1, calcium 
(Ca) 156.69 g kg−1, titanium (Ti) 1.92 g kg−1, arsenic (As) 
4.88  g  kg−1, cadmium (Cd) 0.67  g  kg−1, and lead (Pb) 
0.17 g kg−1. The RM was packed into plastic pots (30 cm 
in diameter × 35 cm in height) for use.

2.2 � Experimental design and sampling
A randomized block design was employed with six treat-
ments, each replicated 10 times (n = 10 biological repli-
cates, totaling 60 pots): N (control, no biochar or AMF 
amendment), BC (biochar only), FM (Funneliformis mos-
seae only), RI (Rhizophagus intraradices only), BC–FM 
(biochar loaded with Funneliformis mosseae), and BC–RI 
(biochar loaded with Rhizophagus intraradices).

For AMF-inoculated treatments (FM, RI, BC–FM, BC–
RI), a standard inoculum dose of 50 g per pot, containing 
approximately 1000 viable spores, was thoroughly mixed 
with the RM. An equivalent amount of sterilized inocu-
lum (including spores, hyphae, and substrate) was added 
to the non-AMF treatments (N and BC) to ensure a simi-
lar microbial background excluding the viable AMF. For 
biochar-amended treatments (BC, BC–FM, BC–RI), bio-
char was mixed into the RM at a ratio of 1.5% (w/w).

The pot experiment was conducted in a greenhouse at 
the Guangxi Institute of Botany from May 17 to October 
24, 2023. Pots were periodically repositioned to mini-
mize microclimatic variation. Natural light was utilized 
throughout the study. Irrigation was adjusted based on 
plant water requirements to maintain soil moisture with-
out waterlogging.

Photosynthetic parameters were measured in situ dur-
ing the growing period, and at harvest, plant growth and 
AMF colonization were assessed. Plants were washed 
with distilled water and separated into roots, stems, and 
leaves before storage at −80 ℃ for antioxidant enzyme 
assays. Rhizosphere soil (loosely attached to roots) and 
root-adhering soil (firmly attached to roots, collected 
with a brush) were stored at –20 ℃ and shipped on dry 
ice for microbiome analysis.

2.3 � Plant physiological and growth measurements
In situ photosynthetic parameters, including net pho-
tosynthesis (Pn), transpiration rate (Tr), intercellular 
CO2 concentration (Ci), and stomatal conductance (Gs), 
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were measured on three randomly selected plants per 
treatment between 9:00 and 12:00 on clear days in May, 
July, and September, using a LI–6400XT portable pho-
tosynthesis system (LI–COR, Nebraska, USA, photo-
synthetically active radiation set to 1000  μmol  m−2  s−1. 
Chlorophyll content was assessed with a SPAD–502 
(Konica Minolta, Japan) at 9:00 a.m. on clear mornings.

Plant height and basal stem diameter were measured 
with a ruler and a caliper. Fresh weights of roots, stems, 
and leaves were determined using an electronic balance 
(JT3003D). Samples were oven-dried (105 ℃ for 30 min, 
then 65 ℃ for 48 h) to constant weight.

The colonization and biochar effects of AMF or BC on 
plant biomass were quantified to evaluate the specific 
contribution of fungal inoculation or BC to plant growth. 
The colonization and biochar effects (E) were calculated 
separately for the FM, RI, and BC treatments using the 
following formula:

where B1 is the average plant biomass in a treatment 
(FM/RI/BC), and  B2 is the average plant biomass in the 
corresponding treatment (without FM/RI/BC) but with 
an equivalent background.

The activities of the antioxidant enzymes catalase 
(CAT), peroxidase (POD), and superoxide dismutase 
(SOD) in fresh leaf tissues were determined using com-
mercial assay kits (Nanjing Jiancheng Bioengineering 
Institute, China) following the manufacturer’s protocols 
(Gao. 2006).

2.4 � Pollution level and risk assessment
The total and acid-soluble fractions of As, Cd, and Pb 
were quantified by inductively coupled plasma mass 
spectrometry (ICP–MS, Agilent 7700e, USA) following 
digestion and the BCR sequential extraction procedure, 
respectively (Cappuyns et al. 2007).

Single-factor pollution index (Pi):

Pi < 1 indicates no pollution, while  Pi > 1 indicates 
increasing pollution severity.

Comprehensive pollution index (CPI; Nemerow Index):

The pollution level is classified as: CPI ≤ 0.7: clean, 
0.7 < CPI ≤ 1: alert level, 1 < CPI ≤ 2: slight pollution, 
2 < CPI ≤ 3: moderate pollution, CPI > 3: severe pollution.

(1)E =
B1 − B2

B1

(2)Pi =
Measured soil heavy metal concentration

heavy metal evaluation standard value

(3)CPI =

√

( 1
n

∑

n

i=1 Pi)
2 + (max Pi)2

2

Risk Assessment Code (RAC):

The ecological risk is categorized as: RAC  <1%: no 
risk, 1%<RAC<10%: low, 0% < RAC < 30%: medium, 
30% < RAC < 50%: high, RAC > 50%: very high.

2.5 � Soil sampling and analysis
Soil pH was measured in a 1:2.5 (w/v) soil–water suspen-
sion using a pH meter (PHSJ–3F). Electrical conductiv-
ity (EC), salinity, and total dissolved solids (TDS) were 
measured with conductivity and salinity meters; TDS 
was estimated as EC × 0.5–0.7. Soil organic carbon (SOC) 
was determined by dichromate oxidation. TN and TP 
were measured using the Kjeldahl method and molybde-
num–antimony colorimetric method after H2SO4 diges-
tion, respectively. Concentrations of Mg, Al, Ca, Ti, and 
Fe were analyzed using ICP–MS. Concentrations of Na+ 
and K+ were measured by flame photometry.

Soil enzyme activities were assessed as follows: alkaline 
phosphatase (AKP) by disodium phenyl phosphate color-
imetry, catalase (CAT) by UV spectrophotometry based 
on H2O2 consumption, polyphenol oxidase (PPO) using 
catechol as a substrate, and peroxidase (POD) by guaiacol 
colorimetry (Robinson et al. 1995).

2.6 � Microbial community analysis
Total genomic DNA was extracted from 0.5  g rhizos-
phere soil using the Omega Mag–bind Soil DNA Kit. 
The hypervariable V3–V4 region of the bacterial 16S 
rRNA gene was amplified using primers 338F (5′–ACT​
CCT​ACG​GGA​GGC​AGC​A–3′) and 806R (5′–GGA​CTA​
CHVGGG​TWT​CTAAT–3′). Amplicon sequencing was 
performed on the Illumina NovaSeq platform by Pano-
mix Biomedical Technology Co., Ltd. (Suzhou, China).

2.7 � Data and statistical analysis
All data were first tested for normality (Shapiro–Wilk 
test) and homogeneity of variances (Levene’s test) prior 
to statistical analysis. One-way analysis of variance 
(ANOVA) was performed, and where significant effects 
were found (p < 0.05), Tukey’s Honestly Significant Dif-
ference (HSD) test was used for post-hoc comparisons. 
Student’s t-test was used for specific pairwise compari-
sons where appropriate. All statistical analyses were con-
ducted using SPSS Statistics 25. Data presented in figures 
were transformed using log10 (y + 1) where necessary to 
meet the assumptions of normality, as indicated in the 
figure captions.

Microbial community analysis, including alpha diver-
sity (Chao1, Shannon, Simpson indices) and beta diversity 
(Non-metric Multidimensional Scaling, NMDS, based on 

(4)RAC =

Acid− soluble metal

Total metal
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Bray–Curtis distance), was performed using QIIME2. 
Co-occurrence network analysis was constructed at the 
genus level based on Spearman correlations (|r|≥ 0.4, 
p < 0.05). Functional annotation of prokaryotic taxa 
(FAPROTAX) was used to predict potential biogeo-
chemical cycling functions. The raw sequencing data 
have been deposited in the NCBI Sequence Read Archive 
(SRA) under the accession number PRJNA1294589.

3 � Result and discussion
3.1 � Functional divergence of biochar‑loaded AMF 

in enhancing plant physiological performance
The inoculation with biochar-loaded AMF significantly 
enhanced the photosynthetic capacity and growth of A. 
donax under red mud stress, with functional divergence 
observed between the two fungal species (Fig. 1a–e). In 
the early growth stage (May), both BC–FM and BC–RI 
treatments achieved peak Pn (25.10 and 24.33 µmol CO2 
m−2  s−1), representing increases of over 36% compared 
to the N treatment (p < 0.05). This initial boost can be 

attributed to the improved nutrient (particularly phos-
phorus) acquisition facilitated by the extensive extraradi-
cal hyphae of AMF, which is crucial for establishing the 
photosynthetic apparatus (Zheng et al. 2024).

A key differential response was observed in the Ci. 
BC–RI led to a significantly elevated Ci during early 
growth (with Ci of 338.88  µmol CO2 mol−1, 143.92% 
higher than the N control), suggesting that photosyn-
thetic initiation was initially governed by non-stomatal 
limitations, potentially due to a lag in the full activation 
of carbon assimilation enzymes like Rubisco (Liu et  al. 
2025a, b). This strategy likely prioritized resource alloca-
tion to rapid biomass accumulation, as evidenced by BC–
RI yielding the highest stem dry weight (4.98 g plant−1), 
which was significantly increased by 128.44% compared 
to the control (Table  S1). This aligns with an ecological 
strategy of rapid colonization and sustained provisioning 
by the RI symbiosis.

Conversely, by the late growth stage (September), the 
BC–FM treatment exhibited the highest Ci (352.24 µmol 

Fig. 1  Temporal variations in a net photosynthetic rate (Pn, µmol CO2 m−2 s−1), b intercellular CO2 concentration (Ci, µmol CO2 mol−1), c 
transpiration rate (Tr, mmol H2O m−2 s−1), d stomatal conductance (Gs, mol H2O m−2·s−1), e chlorophyll content (SPAD), and red mud properties: 
f pH, g electrical conductivity (EC, µS cm−1), h salinity (mg L−1), i total dissolved solids (TDS, mg L−1). Treatments: N (control, no biochar or AMF), 
BC (biochar alone), FM (Funneliformis mosseae alone), RI (Rhizophagus intraradices alone), BC–FM (biochar + FM), BC–RI (biochar + RI). Significant 
differences among treatments (Kruskal–Wallis test; *p < 0.05, **p < 0.01; n ≥ 3)
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CO2 mol−1) and consistently maintained the highest tran-
spiration rate (Tr) throughout the experiment. This indi-
cates a distinct, balanced metabolic strategy where the 
carbon consumption by FM hyphae potentially increased 
the demand for CO2 fixation (Hobbie et  al. 2025). Fur-
thermore, FM likely delayed leaf senescence by enhanc-
ing leaf antioxidant capacity (Fig.  2), thereby preserving 
the photosynthetic functionality of leaves. These tem-
poral and functional niche differentiations underscore 
that the two AMF species employ distinct strategies to 
enhance plant carbon assimilation under stress, with 
BC–RI favoring early biomass investment and BC–FM 
promoting sustained photosynthetic activity.

3.2 � AMF‑Specific regulation of antioxidant defense 
systems

The plant’s antioxidant defense response was uniquely 
modulated by the type of AMF inoculation (Fig.  2a–c). 
The FM–only treatment elicited the highest CAT activity 
(a 90.5% increase relative to the control), while its POD 
activity remained low. This suggests a preferential reli-
ance on the CAT-dominated H2O2-scavenging pathway 
in FM-inoculated plants. This response may be linked 
to the secretion of glomalin-related soil proteins by FM, 
which could enhance membrane stability and protect 
enzyme active sites from metal-induced inactivation (Ma 
et al. 2021; Xie et al. 2025).

In contrast, treatments involving biochar (BC and BC–
RI) showed significantly elevated POD activity (Fig. 2b). 
The “fungus-biochar complementarity” was most evi-
dent in the BC–RI treatment, which achieved the peak 
POD activity (503.40 U g−1) while concurrently reducing 
leaf Na⁺ content (Fig. 3a). This indicates that RI fungi, in 
synergy with biochar, alleviated osmotic stress, thereby 
reducing the sustained induction demand for certain 
antioxidant pathways (Essahibi et  al. 2019). The lack of 

significant difference in SOD activity across all treat-
ments implies that the baseline oxidative stress in RM 
universally activated this first line of defense to satura-
tion (Babzada et  al. 2024). Collectively, these results 
demonstrate that fungus-loaded biochar amendments 
mitigate oxidative stress not only by driving heavy metal 
immobilization (Table  1) but also by orchestrating spe-
cific antioxidant enzyme responses to restore cellular 
homeostasis.

3.3 � Valency‑specific immobilization of heavy metals 
and risk mitigation

Pollution assessment confirmed severe heavy metal 
contamination in the RM (CPI > 3), with a high to very 
high risk for As (RAC > 30) and a moderate risk for Cd 
(Table 1). The application of biochar-loaded AMF signifi-
cantly altered metal mobility, and critically, the responses 
exhibited a clear fungal strain specificity that aligns with 
our “fungal species–metal valency matching” hypothesis.

The BC–RI treatment was most effective in mitigat-
ing cationic metal risk. It resulted in the lowest total soil 
Pb (T–Pb), representing a 10.91% reduction compared 
to the control (p < 0.05), and also achieved the lowest 
comprehensive pollution index (CPI). This reduction is 
likely linked to RI-mediated phosphate secretion, which 
induces the precipitation of stable Pb-phosphate miner-
als. This process simultaneously diminished ROS gen-
eration and alleviated mitochondrial electron transport 
chain damage by reducing apoplastic heavymetal con-
centrations (Glinska and Gapinska 2013; Seshadri et  al. 
2015).

Conversely, the BC–FM treatment preferentially miti-
gated the risk of anionic arsenic. It achieved the low-
est level of bioavailable (exchangeable) arsenic (A–As) 
(15.96 mg kg−1) and the lowest RAC values for As (34.60) 
(Table  1). It is noteworthy that this reduction in As 

Fig. 2  Antioxidant enzyme activities in Arundo donax: a catalase (CAT, U g−1), b peroxidase (POD, U g−1), c superoxide dismutase (SOD, U g−1). 
Treatments as in Fig. 1. Asterisks denote significant differences between treatments (T-test, *p < 0.05, **p < 0.01, n ≥ 3)
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bioavailability occurred alongside a higher total As con-
tent in the BC–FM treatment. This apparent discrep-
ancy underscores a successful remediation outcome: the 
biochar component likely acts as a sink, adsorbing and 

retaining As within the soil matrix, thereby increasing the 
total measured pool. Concurrently, the FM fungi actively 
transform the arsenic speciation, stabilizing the adsorbed 
metal into less bioavailable forms through mechanisms: 

Fig. 3  Concentrations of a Na+, b K+ (μg mL−1), and c Al, d Fe, e Ti, f Ca, g Mg (g kg−1) in red mud across treatments. Treatments and statistical 
conventions as in Fig. 2

Table 1  Heavy metal content, pollution indices, and risk assessment in red mud

Soil contamination thresholds: As = 25 mg kg−1, Cd = 0.6 mg kg−1, Pb = 170 mg kg−1 (Chinese National Standard GB 15618–2018 for agricultural soil risk control). Metal 
fractions: T–As/Cd/Pb: Total arsenic/cadmium/lead content. A–As/Cd/Pb: Bioavailable (exchangeable) arsenic/cadmium/lead content. Pollution indices: Pi–As/Cd/
Pb: Single–factor index for arsenic/cadmium/lead (Pi > 1 indicates pollution). CPI: Comprehensive Nemerow Pollution Index (CPI > 3 indicates severe pollution). RAC: 
Risk Assessment Code (categorization: < 1% = negligible, 1–10% = low, 10–30% = moderate, 30–50% = high, > 50% = extreme risk). Treatments as in Fig. 1. Different 
lowercase letters (a, b, c) denote significant differences between treatments (Tukey’s HSD test, n ≥ 3)

Parameter N BC FM RI BC–FM BC–RI

T–As (mg kg−1) 42.79 ± 0.60 a 32.28 ± 8.49 a 30.37 ± 14.41 a 34.99 ± 15.98 a 46.14 ± 7.33 a 41.05 ± 8.85 a

T–Cd (mg kg−1) 6.87 ± 0.39 a 6.31 ± 0.16 a 6.98 ± 0.33 a 6.39 ± 0.63 a 6.91 ± 0.41 a 6.02 ± 0.37 a

T–Pb (mg kg−1) 93.60 ± 2.40 ab 88.69 ± 2.33 ab 95.18 ± 0.01 ab 86.34 ± 4.81 b 99.42 ± 9.54 a 83.39 ± 1.34 b

A–As (mg kg−1) 17.83 ± 0.86 bc 20.41 ± 2.41 bc 21.04 ± 0.80 b 19.20 ± 0.70 bc 15.96 ± 0.56 c 29.09 ± 3.06 a

A–Cd (mg kg−1) 1.31 ± 0.06 a 1.47 ± 0.06 a 1.34 ± 0.19 a 1.38 ± 0.05 a 1.31 ± 0.05 a 1.32 ± 0.13 a

A–Pb (mg kg−1) 6.64 ± 0.32 b 8.27 ± 0.41 a 7.62 ± 0.73 ab 7.13 ± 0.68 ab 6.95 ± 0.09 ab 7.13 ± 0.73 ab

Pi–As 1.71 a 1.29 a 1.21 a 1.40 a a 1.85 a 1.64 a

Pi–Cd 11.45 a 10.52 a 11.64 a 10.64 a 11.52 a 10.03 a

Pi–Pb 0.55 a 0.52 a 0.56 a 0.51 a 0.58 a 0.49 a

CPI 8.72 a 7.99 a 8.82 a 8.09 a 8.79 a 7.65 a

RAC–As 41.67 a 63.24 a 69.27 a 54.88 a 34.60 a 70.85 a

RAC–Cd 19.06 a 23.22 a 19.16 a 21.54 a 18.89 a 22.01 a

RAC–Pb 7.10 a 9.32 a 8.01 a 8.25 a 6.99 a 8.55 a
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(1) secretion of GRSP, which binds or adsorbs arsenic 
onto hyphal surfaces (Garg and Cheema. 2021; Hao et al. 
2024), and (2) the potential activation of sulfur metabo-
lism pathways promoting As sulfide precipitation (Sun 
et al. 2023). Thus, the BC–FM system effectively seques-
ters arsenic and reduces its ecotoxicological risk, even if 
the total concentration remains elevated.

The fundamentally different chemical strategies 
employed by each fungal-biochar assembly—RI for 
cationic fixation via precipitation, and FM for anionic 
immobilization via adsorption and potential re-precip-
itation—robustly support the valency-specific detoxi-
fication model. While direct spectroscopic evidence of 
valence state changes (e.g., via XPS) is a target for future 
research, the convergent evidence from metal fractiona-
tion, risk assessment, and the established biochemistry of 
the symbionts provides a compelling, multi-faceted vali-
dation of our proposed mechanism.

3.4 � Synergistic amelioration of red mud physicochemical 
properties

The combined system effectively ameliorated the hos-
tile physicochemical properties of RM (Fig.  1f–i, 3, 4). 
A critical finding was the significant reduction in soil 
pH by the FM and BC–FM treatments (to 9.13 and 9.17, 
respectively). This is a notable departure from the typi-
cal alkalizing effect of biochar alone (Chen et al. 2025a, 
b) and from the reported synergy of AMF and biochar in 
acidic soils, where their combined application often aims 
to elevate soil pH (Nirukshan et al. 2023; Li et al. 2025). 
In our alkaline RM environment, the observed acidifica-
tion is likely driven by the AMF component. A postulated 
mechanism is that AMF can regulate rhizosphere pH by 
secreting, or inducing the host plant to release, organic 
acids (e.g., oxalic acid, malic acid) in response to ambi-
ent alkalinity (Souza et al. 2025; Feng et al. 2023), thereby 

creating a more favorable microenvironment for plant 
growth. This contrast underscores the context-dependent 
nature of AMF–biochar interactions, where the same 
combination can exert opposing effects on soil pH in dif-
ferent contamination scenarios. While direct measure-
ment of rhizosphere organic acids remains a focus for 
future research, the functional importance of this pH 
reduction is clear, as it directly influences the speciation 
and bioavailability of heavy metals (Fig. S4), thereby con-
tributing to the overall remediation efficacy.

The BC–RI treatment was particularly effective in 
reducing salinity-related stress, shown by a 48.63% 
reduction in sodium ion (Na+) concentration (p > 0.05) 
along with the lowest final values for electrical conductiv-
ity (EC), salinity, and total dissolved solids (TDS) (34 μS 
cm−1, 19 mg L−1, and 17 mg L−1) (Fig. 1f–i). It also signifi-
cantly decreased the concentrations of Al (74.22 g kg−1), 
Fe (191.29 g kg−1), Ca (88.83 g kg−1), and Mg (2.26 g kg−1) 
in the RM (Fig. 3). The Al content under BC–RI showed 
particular reduction, decreasing by 53.91% relative to 
pristine RM (161.01 g  kg−1). In contrast, BC–FM exhib-
ited elevated levels of these metal cations, suggesting 
a dual immobilization mechanism where metal oxides 
surface-complex arsenate, and FM activity drives arsenic 
sulfide precipitation, collectively forming a synergistic 
adsorption–microbial fixation barrier (Zhou et al. 2023).

Both AMF inoculation and biochar application signifi-
cantly enhanced soil nutrient content (Fig. 4). BC–FM led 
to the highest accumulation of SOC and TN (16.01 g kg−1 
and 4.12 g kg−1), likely through fungal secretion of extra-
cellular polysaccharides that stabilize organic matter 
(Gujre et al. 2021; Chandra et al. 2022). BC–RI, however, 
recorded the highest TP level (1.59 g kg−1), which can be 
attributed to the synergistic effect of RI hyphae secret-
ing phosphatases to mobilize phosphorus, while biochar 
inhibiting P re-immobilization via ion exchange (He 

Fig. 4  Rhizospheric a soil organic carbon (SOC, g kg−1), b total nitrogen (TN, g kg−1), c total phosphorus (TP, g kg−1). Treatments and statistical 
notations as in Fig. 2
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et  al. 2018; Lang et  al. 2021; Yang et  al. 2021). FAPRO-
TAX functional prediction analysis (Fig. S3) corroborated 
this functional divergence, showing that RI primar-
ily enhanced nitrogen cycling functions, while BC–FM 
boosted carbon cycling pathways.

3.5 � Activation of rhizosphere enzyme activities 
and microbial community restructuring

The treatments differentially activated key soil enzymes, 
reflecting shifts in microbial functional potential (Fig. 5). 
The RI treatment exhibited the highest activities of AKP 
and CAT, underscoring its role in P mobilization and oxi-
dative stress mitigation in the rhizosphere. The BC–RI 
treatment showed the highest relative activity of PPO, 
which was 7.92% higher than that in the N treatment 
(Fig. 5). This RI–biochar interaction is critical as it estab-
lishes a dynamic “demand–supply” balance for phospho-
rus and enhances the detoxification of reactive oxygen 
species (ROS) (Zhang et al. 2022; Li et al. 2023 Yang et al. 
2025).

The sequencing depth was assessed and deemed suffi-
cient for the downstream diversity (alpha and beta) and 
network analyses conducted in this study, in accordance 
with standard practices in microbial ecology. Analysis 

of the rhizosphere bacterial community revealed sig-
nificant restructuring (Fig.  6). The BC–RI treatment 
markedly increased bacterial richness (Chao1 index 
increased by 27.40%, p < 0.05) (Fig. 6a–c). NMDS anal-
ysis revealed clear separation between communities 
with and without AMF/biochar amendments (ANO-
SIM: R = 0.388, p = 0.001), indicating distinct microbial 
assemblages (Fig. 6d).

Co-occurrence network analysis further revealed 
that AMF and biochar amendments generally reduced 
network complexity (Fig.  7 and S2). Keystone taxa 
(i.e., nodes with the highest degree) were mainly con-
centrated in Cluster 1 across all treatments. Based on 
topological features, three connector taxa were identi-
fied as key species in the microbial co-occurrence net-
work: Salinarimonas, Rhizorhapis, and Desulfovibrio 
(Table  S2). AMF and biochar treatments consistently 
decreased the relative abundance of Salinarimonas, 
while increasing those of Rhizorhapis and Desulfovi-
brio. In particular, the BC–FM treatment showed the 
most pronounced changes: Salinarimonas abundance 
decreased by 93.46%, while Rhizorhapis and Desul-
fovibrio increased by 621.74% and 3192.86%, respec-
tively, relative to the N treatment, the latter being a 

Fig. 5  Soil enzyme activities: a alkaline phosphatase (AKP, ΔA min−1), b catalase (CAT, ΔA min−1), c peroxidase (POD, ΔA min−1), d polyphenol 
oxidase (PPO, ΔA min−1). Treatments and statistical notations as in Fig. 2
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sulfate-reducer potentially involved in As immobiliza-
tion (Chen et al. 2025b; Yuan et al. 2025).

3.6 � Correlation analysis unveils key plant–soil–microbe 
interactions

Mantel tests and structural equation modeling (Fig. S4) 
revealed key relationships that underpin the differential 
effectiveness of the BC–FM and BC–RI treatments (Fig. 
S4). The most robust pattern was the strong positive cor-
relation between plant antioxidant defense (leaf CAT 
activity) and photosynthetic performance (Pn) (r > 0.4, 
p < 0.01). This statistical link provides strong support 
for the physiological model, wherein BC–FM enhances 
carbon assimilation by concurrently boosting oxidative 
stress tolerance.

Notably, several keystone microbial taxa showed signif-
icant correlations with critical soil and plant parameters. 
For instance, Longimicrobiaceae was positively correlated 
with both plant growth (e.g., biomass, r = 0.13) and SOC 
accumulation (r = 0.16), reinforcing its potential role in 
the carbon sequestration pathway driven by the BC–FM 
system. Conversely, Lechevalieria was significantly asso-
ciated with enhanced microbial diversity (Shannon index, 
r = 0.26) and plant growth (r = 0.16), which aligns with 
the diverse and productive rhizosphere environment fos-
tered by BC–RI.

In summary, these targeted correlations statistically 
validate the core premise of our study: the two biochar–
AMF assemblies facilitate plant growth and soil remedia-
tion through distinct, microbe-mediated pathways. The 

Fig. 6  Rhizosphere microbial (a–c) alpha diversity: Chao1, Shannon, Simpson indices; d NMDS ordination (Bray–Curtis distance); e phylum-level 
relative abundance (Top 10); f genus-level cluster heatmap (relative abundance > 1%). Treatments and statistical notations as in Fig. 2
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BC–FM synergy is closely linked to carbon-driven pro-
cesses and antioxidant enhancement, while the BC–RI 
synergy is tied to the activation of a more diverse micro-
biome. Collectively, these findings provide a mechanis-
tic basis for the observed “fungal species–metal valency 
matching pattern”.

4 � Conclusion
This study deciphers the multipath synergy of biochar-
loaded AMF in red mud remediation by integrating 
plant physiology, soil chemistry, and microbial ecol-
ogy. The key conclusions are threefold: (1) Functional 
Specificity: The two biochar–AMF assemblies, BC–FM 
and BC–RI, differentially enhanced A. donax resil-
ience under RM stress. BC–FM boosted photosyn-
thesis and catalase-driven antioxidant defense, while 
BC–RI prioritized biomass accumulation and peroxi-
dase activation; (2) Valency-Matched Remediation: The 
core finding validates a “fungal species–heavy metal 
valency matching” principle. BC–FM preferentially 
immobilized the oxyanion arsenate (As(V)) by reduc-
ing its exchangeable fraction, making it ideal for As-
risk zones. Conversely, BC–RI targeted the cationic 
lead (Pb (II)), effectively reducing total soil Pb, making 
it superior for Pb-contaminated areas; (3) Soil Health 

Recovery: Both systems concurrently mitigated saline-
alkaline stress and enhanced nutrient cycling. BC–FM 
drove soil organic carbon accumulation, while BC–RI 
unlocked phosphorus and enriched microbial diversity, 
collectively reactivating soil biological functions.

Based on these findings, we propose a practical com-
partmentalized remediation strategy: BC–RI for Pb/
salinity-dominated areas and BC–FM for As-risk zones. 
Future efforts should first validate this strategy in the 
field, evaluating long-term AMF survival, biochar stabil-
ity, and economic viability. Simultaneously, mechanistic 
studies using techniques such as XPS and organic acid 
profiling are needed to directly confirm the valency-spe-
cific detoxification pathways proposed herein.
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