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Abstract

Cadmium (Cd) contamination in rice paddies poses serious threats to food safety. This
study investigated the effects of bamboo biochar, a microbial agent, and their combination
on Cd accumulation, soil properties, and rhizosphere microbial communities in the rice
cultivar ‘Ning 47’ (Oryza sativa L.) under Cd stress (20 mg·kg−1). Cd stress significantly
reduced plant height, root length, and yield. However, combined treatment with biochar
and microbial agent (CdMB) effectively mitigated these effects, reducing Cd content in
grains, stems, and roots by 85.98%, 88.66%, and 73.89%, respectively, compared to Cd
treatment alone. The CdMB treatment also significantly increased soil organic matter
and total nitrogen content while decreasing soil Cd levels by 88.38%. Network analysis
identified Flavisolibacter as a keystone taxon under CdMB treatment, indicating enhanced
microbial network stability. This also provides a theoretical reference for the management
of heavy metal contamination in agricultural soils. By reducing grain Cd contamination
and enhancing soil health, this integrated approach addresses key targets of the United
Nations Sustainable Development Goals, including SDG 2 (Zero Hunger), SDG 3 (Good
Health and Well-being), and SDG 15 (Life on Land).

Keywords: cadmium stress; paddy soil; microbial inoculant; soil amendment; soil microbial
community

1. Introduction
Cadmium (Cd) is a highly toxic heavy metal pollutant commonly found in soils,

posing a serious threat to global food safety and agricultural production [1]. In recent years,
untreated wastewater irrigation and poor management practices (e.g., excessive application
of pesticides and fertilizers) have increased the risk of Cd accumulation in agricultural
soils and disrupted soil ecosystem functions [2,3]. Both natural and anthropogenic sources
contribute to soil Cd. Naturally, Cd can exceed 0.38 mg·kg−1 in karst regions due to
bedrock weathering [4,5]. However, anthropogenic activities have substantially elevated
Cd levels in Ningxia’s agricultural soils. Recent surveys report a mean Cd concentration
of 0.16 mg·kg−1 in farmland soils, with values up to 4.15 mg·kg−1 in industrial-adjacent
areas [6,7].
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Rice (Oryza sativa L.), a major staple crop in China, is particularly vulnerable because
Cd is highly mobile in paddy field conditions [8–10]. This mobility increases Cd uptake
by rice roots and its transfer to grains, potentially endangering human health through the
food chain [11–13]. At the physiological level, Cd enters rice roots primarily by hijacking
transport systems for essential divalent metals such as manganese (Mn) and iron (Fe), with
OsNRAMP5 serving as the major influx transporter [14,15]. Once absorbed, Cd is rapidly
translocated from roots to shoots via the xylem and subsequently redirected to grains
through phloem-mediated transport; notably, over 91% of Cd accumulated in grains derives
from phloem transport [14–16]. In several Asian countries, rice consumption contributes
to more than 34% of total dietary Cd intake, posing serious health risks including kidney
dysfunction, bone demineralization, and increased cancer risk [15,17,18]. Therefore, there
is an urgent need for eco-friendly, sustainable, and low-cost measures to mitigate and
minimize Cd-related hazards.

Biochar (BC) is an environmentally friendly soil amendment that can effectively im-
mobilize heavy metals through mechanisms such as electrostatic attraction, complexation,
and ion exchange [19]. Studies have shown that adding 5% biochar to contaminated soil
can immobilize up to 400 mg·kg−1 of Cd, leading to significant remediation [20]. In a field
study, Ma et al. [21] reported that biochar application effectively reduced soil Cd levels,
with the 5.0% treatment being the most effective; after a 120-day incubation, available Cd in
the 5.0% biochar-treated soil decreased by 0.32 mg·kg−1 compared to the control. Biochar
contains a large amount of minerals and trace elements, which not only provide essential
elements for plant growth but also improve soil health [22]. Among the diverse feedstocks,
bamboo biochar (BBC) has attracted particular attention owing to the rapid growth, high
biomass yield, and strong regeneration capacity of bamboo, making it a low-cost and
renewable carbon source [23]. Bamboo biochar typically exhibits a high carbon content
(68.6–88.3%) and a well-developed porosity [24], along with abundant oxygen-containing
functional groups (e.g., carboxyl and hydroxyl) that confer a high cation exchange ca-
pacity [23]. In terms of Cd remediation, BBC has demonstrated strong immobilization
efficiency: Mohamed et al. (2015) successfully restored an acidic Cd-contaminated soil with
BBC [25], and Wang et al. (2010) reported a Cd (II) adsorption capacity of 18 mg·g−1 by
bamboo charcoal [26]. Due to its low cost and wide range of sources, biochar is an effective
strategy for the remediation of soil heavy metal pollution [27,28].

Furthermore, microbial remediation is a cost-effective and environmentally benign
approach for treating metal-contaminated soils. This process typically involves introducing
beneficial microorganisms that promote host plant growth, stimulate microbial activity,
and contribute to soil remediation [29,30]. Studies have shown that combining microbial
agents with biochar can effectively immobilize heavy metals in soil, thereby improving soil
health and ecosystem function [31]. Qi et al. [1] reported that applying a combination of
microbial fungi and corn stover biochar decreased soil Cd content and increased soil organic
matter accumulation. Ma et al. [32] found that microbial agents and biochar remediation
techniques increased the relative abundance of Bacillus spp. in soil samples while reducing
the relative abundance of Fusarium spp. and Alternaria Nees spp. This shift in microbial
community composition may help reduce disease incidence in crops [1].

In this study, we investigated the physiological and biochemical responses of rice to
cadmium stress, as well as the effects of microbial agent and biochar amendments on the
root zone microhabitat. Addressing Cd contamination in rice paddies aligns with multiple
Sustainable Development Goals (SDGs) of the UN’s 2030 Agenda, particularly SDG 2
(Zero Hunger) by ensuring food safety, SDG 3 (Good Health and Well-being) by reducing
heavy metal exposure, and SDG 15 (Life on Land) by restoring soil health and ecosystem
functions. While previous studies have examined biochar or microbial agents separately
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for Cd remediation, few have systematically compared their individual and combined
effects on both plant Cd accumulation and rhizosphere microbial community structure
in rice paddies. Moreover, the mechanisms underlying the superior performance of com-
bined treatments remain poorly understood, particularly regarding microbial network
dynamics and keystone taxa. In controlled indoor experiments, we treated the predom-
inant rice cultivar grown in Ningxia, ‘Ning 47’ (N-47), with biochar, a microbial agent,
or a combination of both. The following scientific questions were addressed: (1) Can
biochar combined with a microbial agent effectively reduce Cd accumulation in rice and
lower its transport coefficient? (2) What are the effects of combined remediation on rice
rhizosphere microhabitats?

2. Materials and Methods
2.1. Study Area

The control indoor pot experiment was conducted at the experimental base of the
School of Biological Science and Engineering, North Minzu University, Yinchuan, Ningxia
Hui Autonomous Region, China (38◦29′56′′ N, 106◦07′00′′ E). The elevation is 1110 m above
sea level. This area has a mid-temperate continental arid climate, with a mean annual
temperature of 8.5 ◦C, a mean annual precipitation of approximately 200 mm concentrated
from July to September, and a frost-free period of 150–170 days.

2.2. Experimental Materials and Design

The rice (Oryza sativa L.) cultivar used in this study was Ningjing 47 (N-47; Approval
No. Ningshendao 2014001), a japonica conventional variety. The seeds were provided
by the Crop Research Institute, Ningxia Academy of Agricultural and Forestry Sciences
(Yinchuan, Ningxia, China). In this study, nutrient soil was mixed with vermiculite (1:1)
and CdCl2 to achieve a final Cd concentration of 20 mg·kg−1. The mixture was wrapped in
plastic film and incubated for 60 days, with soil moisture maintained at 60% of field capacity
using deionized water. After incubation, the soil was divided into 15 L plastic planting
boxes [33]. Rice seeds with full grains and uniform size were selected, surface-sterilized
in 10% sodium hypochlorite for 10 min, rinsed with deionized water, and vernalized at
4 ◦C for 12 h. They were then placed on Petri dishes lined with filter paper moistened with
sterile water and germinated at 25 ◦C in the dark. Germinated seedlings were transplanted
into the planting boxes, with three seedlings per box. After 30 days of growth, remediation
treatments were applied. The bamboo-derived biochar was pyrolyzed at 700 ◦C and had
the following physicochemical properties: pH 8.2, carbon content 59.35%, ash content
7.62%, moisture content 8.32%, nitrate nitrogen 30.74 mg·kg−1, and ammonium nitrogen
0.81 mg·kg−1. It was purchased from Henan Lize Environmental Protection Technology
Co., Ltd. (Henan, China). The microbial agent was a powder formulation primarily com-
posed of Bacillus species (e.g., Bacillus subtilis), and was purchased from Zhongnong Lvkang
(Beijing) Biotechnology Co., Ltd. (Beijing, China). The treatments included: Cd (20 mg·kg−1

Cd only), CdM (20 mg·kg−1 Cd + Microbial agent), CdB (20 mg·kg−1 Cd + Biochar), and
CdMB (20 mg·kg−1 Cd + Microbial agent + Biochar). Biochar and microbial agent were
each added at 20 g per box. The control (CK) group received no Cd, biochar, or microbial
agent. Each treatment had 8 replicates.

2.3. Plant and Soil Sampling

After rice maturation, seeds and aboveground tissues were harvested. Subsequently,
any residual biochar and microbial agent on the soil surface were removed, and whole
rice roots were extracted. Loose soil attached to the roots was shaken off and collected
for analysis of physicochemical properties. The remaining roots with tightly adhering
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rhizosphere soil were placed into 50 mL sterile centrifuge tubes containing PBS and stored
in an ice box. The tubes were centrifuged to separate the rhizosphere soil; during this
process, the supernatant and root tissue were discarded. The resulting rhizosphere soil
samples were retained, and the separated root tissues were stored for further experiments.
In total, 40 samples were obtained for rhizosphere microbial and soil physicochemical
analyses, comprising eight samples per treatment group (CK, Cd, CdM, CdB, and CdMB).

2.4. Determination of Cd Content in Plants and Soil Physicochemical Properties

Dried samples of aboveground tissues, roots, seeds, and rhizosphere soil were crushed
and digested with HNO3-HClO4. The Cd content was determined using an atomic absorp-
tion spectrophotometer. Air-dried soil (20 g) was mixed with 50 mL distilled water, and the
pH (LeiCi PHS-3E, Shanghai, China) and electrical conductivity (EC) (LEICI DDS-307A,
Shanghai, China) were then measured. Soil total organic carbon (SOC) content was deter-
mined using the sulfuric acid–potassium dichromate oxidation method [34] (Shimadzu
TOC-VCPH, Kyoto, Japan). Total nitrogen (TN) content was determined by sulfuric acid
digestion–hydrochloric acid titration, and total phosphorus (TP) content was determined
using alkali fusion-Mo-Sb anti-spectrophotometry.

2.5. DNA Extraction, High Throughput Sequencing, and Data Processing

DNA was extracted from fresh soil (1 g) using the cetyltrimethylammonium bro-
mide (CTAB) method. For 40 eligible samples, the V3–V4 regions of the 16S rRNA
gene were amplified using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R
(5′-GGACTACNNGGGTATCTAAT-3′). Simultaneously, the ITS1 region was amplified
from the same 40 samples using the primers ITS1 (5′-CTTGGTCATTTAGAGGAAGTAA-3′)
and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) [35].

Following PCR amplification, sequencing was performed using the Illumina NovaSeq
6000 platform (Illumina, San Diego, CA, USA). FLASH (V1.2.11) and Usearch were used
to splice the raw data and filter the chimeras to obtain valid data [36]. The valid data
were denoised using the DADA2 module in QIIME 2 to obtain amplicon sequence vari-
ants (ASVs). Representative sequences of each ASV were then annotated to the species
level using the classify-sklearn algorithm in QIIME 2. The raw bacterial and fungal se-
quencing data have been deposited in the NCBI database under the accession numbers
PRJNA1188448 and PRJNA1188538. Samples were rarefied to the minimum sequencing
depth: 35,502 reads for bacteria and 68,169 reads for fungi. The rarefied data were used for
subsequent analyses [37].

2.6. Statistical Analysis and Visualization

The transfer coefficient (TF) and bioaccumulation factor (BCF) were calculated [38,39]
using the following equations:

TFStem/Root =
Cd concentration in stem
Cd concentration in root

(1)

TFGrain/Root =
Cd concentration in grain
Cd concentration in root

(2)

TFGrain/Stem =
Cd concentration in grain
Cd concentration in stem

(3)

BCF =
Cd concentration in Grain or Stem or Root

Soil Cd concentration
(4)

One-way ANOVA was used to analyze Cd content, TF, BCF, and soil properties.
Microbial alpha diversity indices, including observed ASV richness, ACE (Abundance-
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based Coverage Estimator), and Shannon index, were calculated using the “agricolae”
package in R (v 4.4.1) [40]. To clarify the effects of different treatments on soil microbial
communities, we used the “ggalluvial” package to determine the phyla (top 10 in relative
abundance). For ASVs with a detection rate greater than 75%, correlations were calculated
using the corr.test() function in the “psych” package, retaining only the links with p < 0.05
and |r| > 0.85 (in this process, p-values were corrected using the FDR method [41]).
Network parameters including edge-to-node ratio, average path length, graph density, and
average degree were calculated to assess network complexity [42]. The resulting networks
were visualized using Gephi software (v 0.9.6) [43]. The keystone taxa were identified based
on within-module connectivity (Zi) and among-module connectivity (Pi) using the “igraph”
package (v 2.1.4) [44], and classified into four categories: peripherals, connectors, module
hubs, and network hubs. Linear discriminant analysis effect size (LEfSe) was performed
using the microeco package in R [45], with an LDA score threshold of 3 for bacteria and 1.5
for fungi to identify biomarkers that differed significantly between treatments [46].

3. Results
3.1. Effects of Different Treatments on the Cd Content of Rice

Cadmium stress led to significant Cd accumulation in rice plants. However, treatment
with biochar, microbial agent, or their combination reduced Cd content in plant tissues.
Under CdMB treatment, Cd levels in grains, stems, and roots decreased by 85.98%, 88.66%,
and 73.89%, respectively, compared to the Cd control. Across all treatments, Cd accumula-
tion was consistently highest in roots, followed by stems and grains (Figure 1). We also
calculated the translocation factor (TF) and bioconcentration factor (BCF). TFStem/Root and
TFGrain/Root were significantly lower under CdMB treatment than under Cd treatment,
while TFGrain/Stem showed no significant differences among treatments (Figure 2a–c). For
BCF, values in grains and stems were lower under CdB and CdMB treatments than under
CK, Cd, and CdM treatments (p < 0.05), whereas root BCF did not differ significantly
across treatment groups. Root BCF was consistently higher than that of stems and grains,
consistent with the Cd accumulation pattern in rice tissues (Figures 1 and 2d–f).
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Figure 1. Effects of biochar, microbial agent, and their combination on the Cd content of rice (a) grain,
(b) stem, and (c) root. Different letters in the figures indicate significant differences between treatments
(p < 0.05, Duncan test).
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Figure 2. Effects of biochar, microbial agent, and their combination on the (a–c) transfer coefficient
and (d–f) bioaccumulation factor. Different letters in the figures indicate significant differences
between treatments (p < 0.05, Duncan test). TF: transfer coefficient; BCF: bioaccumulation factor.

3.2. Effects of Different Treatments on the Soil Properties of Rice Rhizosphere Soil

No significant changes were seen in soil pH among treatments (Figure 3a). Compared
with that of the CK, soil EC significantly increased after Cd treatment. However, application
of microbial agents and biochar effectively reduced EC, with CdB and CdMB treatments
being the most effective (Figure 3b). Cd treatment also decreased soil organic carbon (SOC),
total nitrogen (TN), and total phosphorus (TP). In contrast, both microbial agents and
biochar increased SOC, TN, and TP while reducing soil Cd content, with biochar showing a
stronger effect than the microbial agent alone. The reduction in soil Cd content was greatest
under CdMB treatment, followed by CdB and CdM (Figure 3c–f). Overall, the best results
were obtained from the combined application of microbial agents and biochar.

 

aaa aa

0.0

2.5

5.0

7.5

10.0

pH

a

b
c c

d

0

250

500

750

1000

EC
 (u

s/
cm

)

a
b

bc
c

d

0

25

50

75

100

SO
C 

(g
/k

g)

a
b

bb
c

0.0

0.5

1.0

1.5

2.0

2.5

CK Cd CdM CdB CdMB

TN
 (g

/k
g)

aa
aab

b

0.0

0.2

0.4

0.6

0.8

CK Cd CdM CdB CdMB

TP
 (g

/k
g)

a

b
b

c

d
0.0

2.5

5.0

7.5

10.0

CK Cd CdM CdB CdMB

So
il 

Cd
 (m

g/
kg

)

CK Cd CdM CdB CdMB CK Cd CdM CdB CdMB CK Cd CdM CdB CdMB

(a) (b) (c)

(d) (e) (f)

Figure 3. Effects of biochar, microbial agent and their combination on (a) pH, (b) EC, (c) SOC,
(d) TN, (e) TP, and (f) soil Cd content of Cd-contaminated soil. Different letters in the figures indicate
significant differences between treatments.
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3.3. Changes in Microbial Alpha Diversity and Community Structure

Analysis of bacterial and fungal diversity revealed 18,478 and 11,276 ASVs, respec-
tively. The alpha diversity of the rhizosphere microbial community was also analyzed.
Bacterial ASV numbers decreased under Cd treatment but increased after CdM or CdB
treatment, with the highest increase observed under CdMB treatment (p < 0.05) (Figure S1a).
The ACE index followed a similar trend to the ASV numbers (Figure S1c). Likewise, applica-
tion of microbial agents and biochar increased the bacterial Shannon index (Figure S1b). In
contrast, none of the treatments significantly affected fungal alpha diversity (Figure S1d–f).

At the phylum level, the top 10 bacterial phyla accounted for over 90% of the com-
munity, dominated by Proteobacteria, Bacteroidetes, and Firmicutes (Figure S2a). For
fungi, the top 10 phyla represented only 13.26–18.38% of the community, with Ascomycota,
Chytridiomycota, and Rozellomycota being the most abundant (Figure S2c). At the genus
level, the relative abundance of the top 20 bacterial genera ranged from 25.51% to 30.98%,
with Hydrogenophaga, Flavobacterium, and Devosia as the dominant genera (Figure S2b). The
top 20 fungal genera each accounted for 8% or less of the community, with Byssochlamys,
Paranamyces, and Humicola being the most prevalent (Figure S2d).

3.4. Microbial Network Complexity and Biomarkers

To further explore microbial interactions in the rice rhizosphere under different treat-
ments, bacterial and fungal correlation networks were constructed. A single application of
microbial agent or biochar did not increase network complexity, whereas their combination
effectively enhanced the complexity of the bacterial network, as reflected by edge-to-node
ratio, graph density, and average degree (Figure 4a,b, Table S1). Keystone taxa were pre-
dominantly bacterial. Among these, ASV339, a particularly significant keystone taxon, was
identified in the CdMB-treated group and belonged to the genus Flavisolibacter (Figure 4c,
Table S2).

Furthermore, 224 bacterial and 11 fungal biomarkers were identified by the LEfSe
analysis. Among these, 56 bacterial and four fungal biomarkers were detected in the CK
group, whereas 51 bacterial and seven fungal biomarkers were observed in the CdMB
treatment group (Figure 5). Finally, by comparing the genus-level distribution of keystone
ASVs within the network with the biomarkers identified via the LEfSe analysis, we found
that seven bacterial genera were shared between the two sets: A0839, Bauldia, Devosia,
Flavisolibacter, Lentimicrobium, Methylophilus, and SR-FBR-L83 (Tables S3 and S4). The
bacterial genera Bauldia, Devosia, and Flavisolibacter were identified as the keystone taxa
in the CdMB group. Together, the results of the network and LEfSe analyses indicate that
Flavisolibacter played a vital role in maintaining microbial network stability (Figure 4c).
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4. Discussion
4.1. Microbial Agents and Biochar Remediation Decreased Cd Content in Rice

The accumulation of Cd in soil has been shown to exert a deleterious impact on plant
growth. The results of this study demonstrated that Cd stress significantly inhibited the
growth of ‘N-47’ rice, with plant height reduced by 39.98% compared to the CK group.
Similar findings have been reported in related studies, e.g., Hussain et al. (2021) [47].
Moreover, Cd stress reduced the root development of ‘N-47’ rice. Under 20 mg·L−1

Cd stress, root length decreased by 47.99% compared with that of the CK group, and
root volume decreased by 76.19%, findings consistent with previous studies [48,49]. In
addition, Cd stress reduced the fresh and dry weights of ‘N-47’ plants by 79.01% and 79.13%,
respectively, and the fresh and dry weights of grains by 78.45% and 88.79%, respectively,
further demonstrating the negative effects of Cd accumulation on rice yield [50]. Cd2+

in soil is primarily taken up by rice roots and subsequently translocated to aboveground
tissues [21,51]. In this study, microbial agents and biochar remediation effectively reduced
the root-to-seed translocation factors by 33.36% and 64.11%, respectively, compared with
those in the Cd stress group. The findings of the aforementioned studies indicated that
microbial agents and biochar remediation demonstrated superior efficacy in reducing the
Cd transport coefficient within the rice plant and limiting the accumulation of Cd in rice
seeds compared to the use of a single remediation method [52].

Both microbial agent and biochar remediation reduced Cd2+ accumulation in rice
tissues to varying degrees, with reductions of 1.29 mg·kg−1, 8.378 mg·kg−1, and
0.098 mg·kg−1 in roots, stems, and seeds, respectively, compared with those in the control.
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This finding is consistent with Xu et al. (2023) [53]. Additionally, Wang et al. (2023) [54]
showed that microbial agents could reduce the Cd content of rice effectively, further prov-
ing that microbial agents have good remediation effects on heavy metal pollution. In
addition, biochar application alone significantly reduced Cd content by 2.124 mg·kg−1,
13.082 mg·kg−1, and 0.189 mg·kg−1 in roots, stems, and seeds, respectively, compared with
those in the control, which aligns with the findings of Ma et al. (2021) [21]. Similarly, Zhang
et al. (2014) [55] found that biochar remediation substantially reduced Cd enrichment in
rice plants. In this study, microbial agent and biochar remediation significantly reduced
Cd2+ accumulation in rice tissues, with decreases of 2.368 mg·kg−1, 16.033 mg·kg−1, and
0.215 mg·kg−1 in roots, stems, and seeds, respectively.

Under all treatments, Cd accumulation followed roots > stems > grains, and TF
and BCF were <1, confirming ‘Ning 47’ as a non-hyperaccumulator cultivar. Non-
hyperaccumulator rice retains Cd in roots via cell wall binding, vacuolar sequestration,
and apoplastic barriers [56]. Compared with Cd treatment alone, CdMB treatment signif-
icantly reduced TFStem/Root and TFGrain/Root (p < 0.05), indicating enhanced root barrier
function, which is consistent with the findings of Wang et al. (2024) that biochar reduces
soil-available Cd and down-regulates the expression of OsNRAMP5 and OsHMA2 [57].
Root BCF did not differ among treatments, suggesting root Cd uptake was proportional to
the available Cd pool. However, the grain and stem BCF were significantly lower under
CdB and CdMB (p < 0.05), indicating biochar-containing treatments reduced root-to-shoot
Cd translocation via adsorption and complexation [58]. TFGrain/Stem showed no significant
differences, implying that the reduced grain Cd was due to enhanced root retention rather
than stem-to-grain barriers.

4.2. Microbial Agents and Biochar Remediation Reduced Cd Content in Soil

Studies have shown that the decrease in Cd content in plants is attributed to the
reduction in Cd in soil following the application of microbial agents and biochar [21,54].
This was further supported by our findings: the application of microbial agents or biochar
reduced soil Cd content by 58.41% and 88.38%, respectively. Comparatively, the CdMB
treatment reduced soil Cd content by 1.65 times that of the control group. Different
remediation methods can reduce the Cd content in soils while affecting the physicochemical
properties of the soil to different extents. For example, the application of biochar or
microbial agents to Cd-contaminated soils can change not only the electrical conductivity
but also the pH. In this study, biochar and microbial agent application decreased soil EC,
consistent with earlier reports [59].

Remediation with biochar or microbial agents also increases SOC, TN, and TP lev-
els [60,61]. The bamboo biochar used in this study (pH 8.2, carbon content 59.35%) con-
tributed to these improvements through Cd adsorption and nutrient supply [62]. In our
study, Cd addition significantly decreased soil SOC, TN, and TP contents; however, after
applying biochar or microbial agent remediation, these indicators increased accordingly. In
particular, synergistic remediation with biochar and microbial agents significantly increased
soil SOC and TN. The addition of microbial agents increases soil SOC complexity, which
is further assimilated to drive biogeochemical cycling, thereby increasing soil SOC and
TN [63]. Furthermore, the stimulatory effect of biochar contributes to the increase in SOC
by altering the soil environment and protecting native SOC from decomposition through
physical protection, including the formation of soil aggregates [64].

4.3. Microbial Agents and Biochar Remediation Changed the Rhizosphere Soil Microbial
Community Structure

Maintenance of soil ecosystem functions is largely dependent on soil microorganisms,
which play key roles in facilitating material cycling, energy flow, nutrient conversion, or-
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ganic matter decomposition, and other biochemical processes [65]. In this study, Cd stress
decreased the ACE index of the bacterial community, and previous studies have shown
that heavy metal pollution reduces soil bacterial richness [66,67]. This study found that
synergistic remediation with biochar and microbial agents led to higher bacterial richness
and diversity in soil compared with single treatments. The application of biochar signif-
icantly increases both the Shannon and ACE indexes of the bacterial community [68,69].
Furthermore, Qi et al. (2022) [1] found that combined remediation with biochar and micro-
bial agents led to a significant increase in the Shannon index of the soil bacterial community
compared with Cd treatment alone. Our findings are consistent with these reports. There-
fore, increasing soil microbial community diversity is important for improving farmland
productivity [70]. Our results further indicate that the combined use of microbial agents and
biochar offers significant ecological benefits for remediating Cd-contaminated paddy fields.

In this study, Proteobacteria, Bacteroidota, Firmicutes, Acidobacteriota, and Verrucomicro-
biota were the dominant taxa in the rhizosphere soil of rice, which is consistent with the
findings of most studies on rice rhizosphere microorganisms [71,72]. Actinobacteria are
known to exhibit strong tolerance to Cd contamination [73,74]. In this study, the abun-
dance of Actinobacteria was not significantly affected by Cd stress. Conversely, its relative
abundance increased following biochar application, likely due to the important role of
Actinobacteria in carbon cycling and their dominance in carbon-rich environments [74]. Ad-
ditionally, biochar application increased the relative abundance of Proteobacteria, possibly
as a result of enhanced nutrient availability in the soil, as previously reported [73,75].

Improvements in soil ecological functioning often lead to greater stability and com-
plexity in microbial co-occurrence networks [76]. In the present study, the peripheral and
module hubs of the soil microbial network under combined remediation with microbial
agents and biochar were higher than those in the control and Cd-only treatments. Given
the pivotal role of keystone taxa in microbial networks, this study identified Flavisolibacter
as a keystone taxon in the CdMB treatment group. Flavisolibacter is known to promote plant
growth through auxin production [77]. Several studies have confirmed its importance in
remediating heavy metal pollution [78,79]. Moreover, the relative abundance of Devosia
increased significantly under Cd stress, which may be attributed to its high tolerance in
Cd2+-contaminated soils, making it a potential candidate for bioremediation of heavy
metal-polluted soils [80].

While our study focused on microbial-mediated Cd immobilization, it is important to
note that plant genotypic tolerance also plays a crucial role in Cd stress mitigation. Recent
studies have shown that stress-responsive genes, such as dehydrins (RAB21, RAB16D,
RAB16B), are upregulated under Cd stress and contribute to enhanced tolerance [81]. The
synergistic effects of selecting tolerant cultivars and applying microbial agents with biochar
warrant further investigation for optimizing Cd remediation strategies in rice paddies.
From a broader perspective, the combined application of microbial agents and biochar
addresses multiple Sustainable Development Goals. By reducing Cd accumulation in rice
grains, this approach enhances food safety and contributes to SDG 2 (Zero Hunger) and
SDG 3 (Good Health and Well-being). The improvement in soil health (increased SOC
and TN) and microbial diversity supports SDG 15 (Life on Land) by restoring degraded
agricultural ecosystems. Furthermore, the use of bamboo biochar—a renewable, carbon-
negative material—aligns with SDG 13 (Climate Action) by sequestering carbon in soil.
These findings demonstrate that integrated remediation strategies can simultaneously
address environmental contamination and advance global sustainability targets.
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5. Conclusions
Overall, the combined application of microbial agents and biochar reduced Cd accu-

mulation in soil and lowered the Cd translocation coefficient in rice plants. Notably, the
CdMB treatment outperformed both biochar alone (CdB) and microbial agent alone (CdM)
across nearly all indicators: it achieved the greatest reduction in seed Cd content (85.98%)
and soil Cd levels, and uniquely enhanced bacterial network complexity (edge-to-node
ratio, graph density, average degree), whereas no significant network complexity increase
was observed under either single amendment. The CdMB treatment significantly reduced
Cd content in seeds, increased soil SOC and TN levels, and altered root microhabitats.
These results provide insights into the dynamics of the rhizosphere soil microbial commu-
nity and its relationship with environmental factors, as well as a theoretical reference for
the management of heavy metal contamination in agricultural soils.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy16090938/s1, Figure S1: Effects of biochar, microbial
agents and their combination on the (a–c) bacterial and (d–f) fungal alpha diversity. Different
letters in the figures indicated significant differences among different treatments (p < 0.05, Duncan
test); Figure S2: Relative abundance of (a,b) bacteria and (c,d) fungi at (a–c) phylum and (b–d)
genus levels under different treatments; Table S1: Bacterial and fungal correlation network attribute
characterization; Table S2: Classification of ASVs to identify keystone taxa in bacterial and fungal
correlation networks; Table S3: The distribution of bacterial fungal keystone taxa at the genus level
under different treatments; Table S4: Kruskal–Wallis test and linear discriminant analysis for bacteria
and fungi to identify intergroup biomarkers.
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