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Abstract
Purpose  Biochar was used widely to deal with cadmium (Cd) pollution in soils. An indoor incubation experiment to 
investigate the effects of biochar on the structure and Cd-related functions of soil microbial communities under different 
concentration of Cd stress.
Materials and methods  A 180-day soil incubation experiment was performed by applying rice husk biochar (BC). At dif-
ferent time periods, Cd forms, chemical properties, and enzyme activities in soils were determined, and the effects of BC 
on the structure and function of microbial communities in soils with various Cd concentrations were explored by high-
throughput sequencing.
Results and discussion  Compared to CK, BC significantly facilitated the conversion of bioavailable Cd to residual Cd, 
especially in medium Cd-contaminated soil where the residual Cd content increased by 76.35%. Biochar also significantly 
enhanced pH, soil organic matter, cation exchange, available phosphorus, rapidly available potassium, and catalase activi-
ties, except for ammonium nitrogen content and sucrase activities. PCoA and PERMANOVA revealed that incubation time 
and pollution levels significantly affected bacterial community structure, whereas pollution level was the only variable to 
significantly influence fungal community structure. According to co-occurrence network analysis, BC addition increased the 
microbial association in light and heavy Cd-contaminated soils but inhibited in medium Cd-contaminated soil. Moreover, 
the Cd-related functions of the microbial community predicted by PICRUSt2 suggested that BC significantly affected Cd 
transport-related functions in microbial communities, with higher Cd-contaminated soils showing more prominent expres-
sion of functions related to Cd transport. Pseudomonadota may have played an important role in the efflux of Cd, while 
Chloroflexota, Bacillota, and Actinomycetota participated in microbial detoxification and Acidobacteriaota, Armatimonadota, 
and Planctomycetota for Cd tolerance.
Conclusions  BC not only effectively immobilized Cd in light and medium Cd-contaminated soil but also improved three 
soil properties. BC had an insignificant effect on the microbial community structure in three soils but significantly affected 
the expression of Cd transport-related functions in the microbial communities of three soils.
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1  Introduction

Cadmium (Cd) pollution in agricultural land has become 
a critical issue, resulting from prolonged and unceasing 
influences of mining, smelting, and sewage irrigation 
activities in China (Tu et al. 2020). Available Cd jeopard-
izes soil quality and crop yields, posing a threat to human 
health (Shi et al. 2019; Liu et al. 2021). In recent years, 
biochar has been attracting attention due to its excellent 
characteristics such as high-efficiency Cd stabilization, 
friendly environment, and improvement of soil fertility 
(Sun et al. 2021; Zhang et al. 2021; Xu et al. 2022).

Biochar possesses a large specific surface area as well 
as abundant porous structure, functional groups, and min-
erals (Godlewska et al. 2017; Luo et al. 2020), which can 
transform soil Cd speciation by either directly adsorb-
ing soil Cd2+ or inducing changes in soil physicochemi-
cal properties and microbial communities (Chen et al. 
2018a; Yang et al. 2017; Xu et al. 2022). For example, 
rice straw biochar application significantly increased 
soil pH, organic matter, cation exchange, and available 
potassium content in soil, which were negatively corre-
lated with HOAc-extracted Cd (Mei et al. 2022). A meta-
analysis also reported that various biochar application 
effectively decreased Cd availability by 41.1% on average 
in acidic soil (El-Naggar et al. 2022). However, due to 
limited adsorption sites, functional groups, and minerals 
of biochar as well as the various soil properties, biochar’s 
remediating effects in different concentration of Cd-con-
taminated soil would differ too. Previous studies have done 
a lot of work concerning the effects of biochar on Cd spe-
ciation and soil properties etc. mainly in a single level of 
Cd-contaminated soil, which cannot elaborate its adapt-
ability in a wide range of Cd-contaminated soils.

On the other hand, it has been widely recognized that 
some Cd-resistant microbes carrying Cd-related func-
tions could cope with Cd pollution stress via adsorption 
or transformation mechanisms, thereby contributing to the 
significant increase of residual Cd (Tu et al. 2020; Xie 
et al. 2021; Ma et al. 2023). Biochar can provide nutri-
ents and suitable living space or toxic substances for soil 
microorganisms, which may have beneficial or detrimental 
effects on microorganisms, altering the diversity and struc-
ture of the microbial community (Yu et al. 2019; Zhang 
et al. 2021). It was reasonable to infer that soil microbes 
with Cd-related functions will respond accordingly fol-
lowing biochar application. Nevertheless, the study on the 
influence of biochar on soil microbial functions related to 
Cd transformation under the different levels of Cd pollu-
tion stress was still limited.

Rice husk represents one of the major agricultural wastes, 
with a global production of about 260 million tons per year 
(Zhang et al. 2022), which has the potential to be utilized 

to produce low-cost biochar. In this study, rice husk bio-
char (BC) was applied to three different levels of actual Cd-
contaminated soils and incubated for 180 days in an indoor 
passivation experiment, for the purpose of the following: 
(1) evaluating the effects of BC on soil cadmium speciation, 
chemical properties, enzyme activities and microbial com-
munity structures; (2) determining the association between 
cadmium speciation, environmental factors, and microbial 
communities; (3) exploring the effect of BC on the func-
tions related to Cd transformation in soil and identify the 
microbial species correlated with these functions.

2 � Materials and methods

2.1 � Test soils and biochar

The light (0.46 mg/kg), medium (4.18 mg/kg), and heavy 
(10.01 mg/kg) Cd-contaminated surface soils of agricultural 
land were sampled from Shaoguan City; all three soils were 
sandy loam according to soil texture triangle from the US 
department of agriculture. The soils were air-dried, ground, and 
sieved to determine their physicochemical properties (Table S1) 
and subjected to laboratory passivation incubation experiments.

The unpolluted rice husks were cleaned, dried, then 
crushed in a crusher, and sieved (< 0.42 mm). The rice 
husk powder was placed in a muffle with nitrogen gas and 
kept at 700 °C for 2 h. Rice husk biochar (BC) was sieved 
(< 0.154 mm). The biochar properties were measured as 
described by Xu et al. (2022) (Table S1).

2.2 � Incubation experiment

Five percent of rice husk biochar was added to light (LS), 
medium (MS), and heavy (HS) Cd-contaminated soils, 
which were named treatment groups (BC). The correspond-
ing control groups (CK) without amending biochars were set 
up, and the CK was the same as our previous research (Xu 
et al. 2022). All the treatments were in triplicate. The soils 
were incubated for 180 days, maintaining maximum field 
water holding capacity of 75%. The samples were taken, 
freeze-dried, and sieved at 10, 25, 40, 55, 70, 100, 130, and 
180 days for the determination of soil properties.

2.3 � Soil properties

Soil samples were digested with a mixture of HNO3-HF-HCl 
of 6:3:2 in a microwave digester to determine the total Cd con-
tent in soils. European Community Reference Bureau (BCR) 
method was used to extract the acid-soluble, reducible, oxidiz-
able, and residual Cd contents of the soil independently (Rauret 
et al. 1999). The Cd content in the digestion solution and the 
BCR sequential extract were determined by ICP-MS (Perkin 
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Elmer 600X, USA). The following methods were described 
by Lu (1999). Soil pH values were obtained by shaking the 
soil with deionized water 1:2.5 (w/v) and determined with a 
pH meter. SOM was measured after being oxidized using the 
K2Cr2O7-H2SO4 method (Wu et al. 2019). Cation exchange 
capacity (CEC) was determined by the spectrophotometric 
method. Available nitrogen (AN), phosphorus (AP), and potas-
sium (AK) were analyzed by the universal extract-colorimetric 
method. Sucrase was determined using the 3,5-dinitrosalicylic 
acid colorimetric method, and the absorbance was measured 
at 508 nm, and catalase was measured via potassium perman-
ganate titration.

2.4 � High‑throughput sequencing

Fresh soil samples before and after Cd immobilization (10 and 
180 days) were feezed at − 80° for high-throughput sequenc-
ing. The bacterial 16S rRNA gene was amplified using the 
338F/806R primer, while the fungal 18S rRNA gene using 
ITS1F/ITS2 primer. The amplicon libraries were sequenced 
using the Illumina Nova 6000 platform from Magigene Bio-
technology (Guangzhou, China).

2.5 � Statistical analysis

All the treatments had three replicates presented as 
mean ± standard deviation. One-way analysis of variance 
(ANOVA) was performed via SPSS 19.0, followed by Duncan’s 
test (P < 0.05). Principal coordinates analysis (PCoA) and Per-
mutational multivariate analysis of variance (PERMANOVA) 
based on Bray–Curtis distance presented differences in micro-
bial community structure between samples. Co-occurrence net-
work analysis was performed by using the “wgcna” R package 
for correlation analysis at the OTU level and then visualized by 
Gephi software for presentation. The correlation between envi-
ronmental factors and microbial communities were analyzed by 
the Mantel test. Based on the Kyoto Encyclopedia of Genomes 
(KEGG) and Protein Homology Group Cluster (COG) data-
bases, a phylogenetic survey of communities was conducted 
by reconstructing unobserved states (PICRUSt2) to predict Cd-
related functions in microbial communities (Chen et al. 2020a). 
Relationships between Cd-related functions and dominant bac-
terial phyla were analyzed by Pearson’s correlation analysis.

3 � Results and discussion

3.1 � Effects of biochar on soil properties

3.1.1 � Cd speciation

According to the BCR method, acid-soluble and reduc-
ible were the most readily bioavailable; oxidizable was 

potentially toxic to organisms; residuals were generally 
considered to be the most stable part, which was not sus-
ceptible to transformations and migrations (Rinklebe 
and Shaheen 2017). Compared with CK, the changes of 
Cd forms showed a consistent pattern in the three soils. 
The content of acid-soluble and reducible Cd decreased 
by 0.04–0.63  mg/kg, while residual Cd increased by 
0.04–0.90 mg/kg, and the oxidizable Cd did not change 
significantly (Fig. 1). Among them, the addition of bio-
char resulted in 26.79%, 27.43%, and 13.64% of acid-sol-
uble Cd content lower than the control group in the light 
(LS), medium (MS), and heavy (HS) Cd-contaminated 
soils, respectively, but the residual Cd content increased 
by 19.84%, 76.35%, and 36.42%, respectively (Fig. S1). 
These results indicated that the immobilization of Cd by 
rice-husk biochar was more effective in LS and MS than 
HS, but the Cd in the acid-soluble state decreased in HS 
with little difference from that in MS (Fig. 1).

Rice husk biochar could convert the acid-soluble Cd to 
the residual state. The main mechanisms were probably 
that biochar was able to adsorb Cd2+ in soil solution by 
using its own organic functional groups and inorganic ions 
(Chen et al. 2018a). At this point, Carboxyl, hydroxyl, and 
phenolic oxygen-containing functional groups in biochar 
could be used as adsorption sites to form surface com-
plexes with Cd2+ in soil solution, reducing the mobility of 
Cd in soil (Derakhshan Nejad et al. 2018).

3.1.2 � Chemical properties

Except for AN, the application of rice husk biochar sig-
nificantly increased chemical properties such as pH, SOM, 
CEC, AP, and AK in three soils (Fig. 2). Specifically, com-
pared to CK, biochar for 180 days of incubation increased 
the pH value in LS, MS, and HS by 1.88, 0.62, and 0.40 
unit, respectively (Fig. 2A). This was probably due to 
the alkaline substances such as carbonates and silicates 
enriched in the surface of biochar (Gul et al. 2015). At 
the same time, the increase of pH varied as a result of the 
difference in buffering capacity between different soils. 
The increasing pH in soil could deprotonate soil colloids 
to promote electrostatic adsorption of Cd2+ (Xu et  al. 
2022). Therefore, higher pH values were more favorable 
for Cd immobilization in soil. Compared with CK, bio-
char application increased the content of SOM in LS, MS, 
and HS by 43.57, 32.62, and 34.35 mg/kg, respectively 
(Fig. 2B). This was likely due to the carbon enrichment of 
biochar. The high organic matter in the soil may promote 
soil fertility, moisture retention, and complexation reac-
tion between Cd and oxygen-containing functional groups 
in soil organic matter (Wu et al. 2019). The content of 
organic matter in all three soils tended to decrease with 
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increasing incubation time, which might be caused by the 
organic matter in the soil consumed by microorganisms for 
their own growth and reproduction (Ameloot et al. 2013). 
Compared with CK, biochar increased CEC in LS, MS, 
and HS by 1.31, 1.24, and 0.39 cmol+/kg, respectively 

(Fig. 2C). This might enhance the ion exchange between 
cations such as Ca2+, Mg2+, K+, and Cd2+ in the soil.

Compared to CK, the 180 days incubation with biochar 
increased the content of AN in LS and HS by 10.17 and 
19.71 mg/kg, respectively, but slightly decreased the con-
tent of AN in MS by 2.95 mg/kg (Fig. 2D). Compared 
with CK, biochar increased the content of AP in LS, MS, 
and HS by 10.32, 12.65, and 68.63 mg/kg, respectively 
(Fig. 2E). Meanwhile, biochar also increased the content of 
AK in LS, MS, and HS by 279.12, 54.49, and 139.21 mg/
kg, respectively (Fig. 2F). These results demonstrated that 
rice husk biochar significantly improved soil fertility, espe-
cially for AK. In addition, biochar application could also 
suppress heavy metal toxicity by increasing the content 
of soil AP and AK, which was beneficial to crop growth 
(Chen et al. 2020b).

3.1.3 � Enzyme activity

Compared to CK, the catalase activity in LS, MS, and 
HS was increased to 0.04, 0.10, and 0.01 mL (0.1 mol/L 
KMnO4) h−1 g−1, respectively, after 180 days of incubation 
(Fig. 2G). The increase in catalase activity could relieve 
the toxic effects of hydrogen peroxide on organisms in the 
soil, in which it could be an oxidoreductase involving in the 
detoxification of heavy metals (Yang et al. 2016). Unlike 
catalase, biochar promoted sucrase activity in MS with an 
increment of 2.02 mg C6H12O6 g−1d−1, while it had no sig-
nificant effect on sucrase activity in LS and even inhibited 
sucrase activity in HS with a decrease of 0.61 mg C6H12O6 
g−1d−1 (Fig. 2H). This was probably due to that sucrase 
activity at its maximum in acidic soil media, whereas bio-
char created an alkaline condition not conducive to sucrase 
activity (Wang et al. 2008).

3.2 � Effects of biochar on structure of microbial 
communities

3.2.1 � Alpha diversity indexes

Before immobilization, BC had no significant effect on 
Chao1 and Shannon indices in bacterial and fungal com-
munities, except for a significant increase by 1.47% of Shan-
non for the bacterial community in MS and a significant 
decrease by 15.78% of Chao1 for the fungal community in 
LS (Fig. 3). This indicated that BC before immobilization 
did not have significant effects on the microbial abundance 
and diversity in the three soils. With increasing incubation 
time, bacterial Chao1 and Shannon increased significantly 
in both the control and treatment groups after immobili-
zation, but fungal Chao1 and Shannon showed a decreas-
ing trend (Fig. 3). Generally, these groups compete for 
substrates and ecological niches to colonize, thus as the 

Fig. 1   Changes in different cadmium forms in light (A), medium (B), 
and heavy (C) Cd-contaminated soils during incubation. Δ = content 
of BC-content of CK. LS, light Cd-contaminated soil; MS, medium 
Cd-contaminated soil; HS, heavy Cd-contaminated soil; CK, soils 
without treatment; BC, soils from 5% rice husk biochar treatment
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bacterial community increased, the fungal community was 
suppressed. In addition, fungi favor slightly acidic condi-
tions, whereas most bacteria prefer neutral or slightly alka-
line environments (Li et al. 2020, 2021).

In LS, bacterial Chao1 decreased by 10.5% and the 
Shannon index did not fluctuate much compared to CK 
after 180  days of biochar treatment. The Chao1 and 
Shannon indices of the fungal community also did not 

change significantly. In MS, bacterial Chao1 and Shanno 
increased significantly (P < 0.05) by 11.67% and 2.64%, 
respectively, while their variation in the fungal community 
was not significantly (P > 0.05) different. In HS, Chao1 
and Shannon indexes in both bacterial and fungal commu-
nities did not significantly change compared to CK. These 
results suggest that the bacterial abundance and diversity 
exhibited different responses to BC in the three soils, while 

Fig. 2   Rice husk biochar-
induced changes in soil proper-
ties. Δ = content of BC-content 
of CK. LS, light Cd-contam-
inated soil; MS, medium Cd-
contaminated soil; HS, heavy 
Cd-contaminated soil; CK, 
soils without treatment; BC, 
soils from 5% rice husk biochar 
treatment
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the fungal communities, in contrast, showed no significant 
responses.

3.2.2 � Beta diversity

PCoA and PERMANOVA revealed that biochar treat-
ment did not affect bacterial community structure at the 
phylum and genus levels, but that incubation time and 
pollution levels exerted significant (P < 0.05) influence 
(Fig. 4, Table 1). Besides, fungal community structure 

was only significantly (P < 0.05) influenced by pollu-
tion levels. These suggested that the structure of the 
fungal communities was more stable than the bacterial 
communities in the three soils and less susceptible to 
disturbance by the external environment (Zhang et al. 
2021). Notably, the BC addition minimally affected the 
structure of the microbial communities in the three soils, 
this suggested that BC could immobilize Cd, improve 
soil properties, and minimize disturbance to the native 
microbial communities.

Fig. 3   Effects of rice husk biochar on alpha diversity index. LS, light 
Cd-contaminated soil; MS, medium Cd-contaminated soil; HS, heavy 
Cd-contaminated soil; CK, soils without treatment; BC, soils from 

5% rice husk biochar treatment; B, before immobilization; A, after 
immobilization
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3.2.3 � Relative abundance

Species with relative abundance ≥ 1% at the phylum level 
were shown in Fig. 5. The dominant bacterial phyla for all 
samples were Pseudomonadota, Acidobacteriaota, Bacte-
roidota, Chloroflexota, Bacillota, and Gemmatimonadota, 
which accounted for 79.64–95.07% of all phyla (Fig. 5A). 
Pseudomonadota are the most dominant phyla in the three 
soils, especially in LS. After 180 days of incubation, the 
percentage of Proteobacteria increased for all samples in MS 
but decreased in HS. BC decreased the relative abundance 
of Acidobacteriaota in LS and HS before immobilization 
but recovered with increasing incubation time. Compared 
to before immobilization, the percentage of Bacteroidota 
decreased in the three soils after immobilization, while 
Bacillota exhibited the opposite trend. This indicated that 
Bacteroidota might be advantageous in Cd-contaminated 
environments, which had been also reported as a typical 
microorganism in Cd-contaminated soils (Wang et al. 2021).

The dominant fungal phyla for all samples were Unas-
signed (24.73–64.26%), Ascomycota (24.05–51.85%), which 
occupied the majority (Fig. 5B). After immobilization, 
Unassigned emerged as the dominant phyla with the largest 
relative abundance share of all samples in MS and HS, while 
Ascomycota was the dominant phyla in LS. Compared to 
CK, BC addition led to some variation in the relative abun-
dance of dominant phyla in the three soils, but they remained 
dominant among all phyla. This indicated that BC may not 

have exerted a substantial influence on the structure of the 
native microbial community in the soil (Fig. 4).

3.2.4 � Microbial co‑occurrence network

Microbial community co-occurrence networks were estab-
lished to investigate the influence of biochar on the asso-
ciation of microbial communities at the OTU level before 
and after immobilization (Fig. 6, Table S2). The modu-
larity indices ranged from 0.69 to 0.79 in all networks 
were larger than 0.5, which indicated they were highly 
modular (Wu et al. 2022). Moreover, the average path 
length ranged from 6.86 to 8.45 in all networks, showing 
a “small-world” characteristic, which indicated that the 
perturbation of the external environment would spread 
faster to affect the whole network and disturb the stability 
of the network (Dai et al. 2022). Besides, the parameters 
of average degree, clustering coefficient, and average path 
length were different according to the empirical networks 
and random networks, which indicated those networks 
were not connected randomly (Fan et al. 2018).

The nodes and edges increased for all samples in all 
three soils after immobilization except for the edges in 
HS (Table S2), indicated that the network became cor-
respondingly more complex with incubation time. The 
percentage of bacterial nodes was more than fungal nodes, 
and the percentage increased with increasing incubation 

Fig. 4   Principal coordinate 
analysis (PCoA) based on Bray–
Curtis distance under phylum 
level. A Bacterial community 
structures in the three soils. B 
Fungal community structures 
in the three soils. L, light Cd-
contaminated soil; M, medium 
Cd-contaminated soil; H, heavy 
Cd-contaminated soil; CK, 
soils without treatment; BC, 
soils from 5% rice husk biochar 
treatment

Table 1   Impacts of biochar treatments, pollution levels, and time on the composition of bacterial and fungal communities by PERMANOVA

Bacteria community Fungi community

Phylum Genus Phylum Genus

R2 Pseudo-F P R2 Pseudo-F P R2 Pseudo-F P R2 Pseudo-F P

Treatment 0.021 0.733 0.511 0.026 0.921 0.418 0.028 0.972 0.336 0.025 0.852 0.461
Pollution levels 0.476 14.988 0.001 0.280 6.423 0.001 0.295 6.917 0.001 0.371 9.712 0.001
Time 0.195 8.240 0.001 0.460 28.999 0.001 0.067 2.456 0.095 0.047 1.681 0.165
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time, which suggested the bacterial communities might 
play a greater role in the network. BC addition increased 
the proportion of positively correlated edges in LS and 
MS, likely to promote the synergistic interactions between 
microbial communities. Compared with CK, BC increased 
the average degree and clustering coefficient in LS by 
1.09 and 0.002 and increased in HS by 18.83 and 0.07 but 
decreased in MS by 2.81 and 0.01, respectively (Fig. S3, 
Table S3). These suggested BC addition increased the 
microbial association in LS and HS but inhibited that in 
MS (Deng et al. 2012).

3.3 � Correlation between environmental factors 
and microbial communities

According to the Mantel test, the environmental vari-
ables sucrase, AN, AP, reducible Cd, oxidizable Cd, and 
residual Cd were significantly correlated with the bacterial 

communities in LS, while pH, SOM, CEC, and AK changes 
caused significant variations in the structure of the fungal 
communities (Fig. 7A). Except for SOM, CEC, sucrase, AP, 
and AK, the other seven environmental variables signifi-
cantly influenced the bacterial community structure in MS, 
while only pH changes in the fungal community were signif-
icantly correlated with their microbial structure (Fig. 7B). In 
HS, all environmental variables caused significant changes 
in bacterial and fungal community structure (Fig. 7C).

SOM, CEC, and AK contents were negatively correlated 
with acid-soluble content in LS, in contrast to a positive cor-
relation with residual Cd content (P < 0.05) (Fig. 7A). In 
MS, CEC, and AK contents showed a significant negative 
correlation with acid-soluble Cd content, while AN content 
showed a significant positive correlation with it (Fig. 7B). In 
HS, acid-soluble Cd content was significantly negatively cor-
related with CEC, AN, AP, and AK contents, while signifi-
cantly positively correlated with sucrase content (Fig. 7C).

Fig. 5   Relative abundance of dominant bacterial (A) and fungal (B) 
communities at the phylum level in three soils. L, light Cd-contami-
nated soil; M, medium Cd-contaminated soil; H, heavy Cd-contami-

nated soil; CK, soils without treatment; BC, soils from 5% rice husk 
biochar treatment
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3.4 � Functional prediction of microbial communities

The abundance of Cd-related functions was analyzed uti-
lizing PICRUSt2. The functions included a detoxification 
pump for Cd2+ (Zn2+/Cd2+-exporting ATPase), provid-
ing energy for Cd2+ to cross biofilms via ATP hydrolysis 
(H+-transporting ATPase), a major carrier of Cd2+ trans-
port (Cobalt-zinc-Cd efflux system protein) and the ability 
to catalyze Cd2+ transport by capturing the energy generated 
by ATP hydrolysis using the ABC transport system (ABC-2 
type transport system ATP-binding protein, ABC-2 type 
transport system permease protein) (Wong et al. 2009; Chen 
et al. 2020a; Szeri et al. 2021; Tian et al. 2022). Addition-
ally, Cd resistance functions were also included.

In the three soils, biochar significantly affected the 
abundance of the function related to Cd transport (Fig. 8). 
Zn2+/Cd2+-exporting ATPase were at the lowest abundance 
levels in LS and HS before immobilization. The Zn2+/

Cd2+-exporting ATPase contained two Cys residues that 
bind strongly to Cd2+, which could reduce the toxicity of 
Cd in microorganisms (Chen et al. 2018b). After 180 days 
of incubation, BC treatment significantly increased the abun-
dance of Zn2+/Cd2+-exporting ATPase in HS compared to 
the control but inhibited in LS and MS. Besides, the abun-
dance of the H+-transporting ATPase were not significantly 
different in all treatments after immobilization. The abun-
dance of cobalt-zinc-Cd efflux system protein did not sig-
nificantly change in the treatment and control groups before 
immobilization. BC treatment significantly increased the 
abundance of cobalt-zinc-Cd efflux system protein in MS 
and HS compared to the control after immobilization, which 
could be more favorable to the active Cd efflux behavior of 
the microbial communities in both soils (Tian et al. 2022).

Compared to CK, BC had no significant effect on the 
abundance of ABC-2 type transport system ATP-binding 
protein and ABC-2 type transport system permease protein 

Fig. 6   Co-occurrence networks of bacteria and fungi taxa in different 
treatments at OTU level in three soils. The node size is proportional 
to the abundance of taxa, and the nodes filled in blue are bacterial 
taxa, and in orange are fungal taxa. The edges are colored according 
to interaction types; positive correlations are labeled with blue and 

negative correlations are colored in red. LS, light Cd-contaminated 
soil; MS, medium Cd-contaminated soil; HS, heavy Cd-contaminated 
soil; CK, soils without treatment; BC, soils from 5% rice husk bio-
char treatment
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Fig. 7   Correlations between 
soil properties and microbial 
communities in light (A), 
medium (B), and heavy (C) 
Cd-contaminated soils. LS, 
light Cd-contaminated soil; MS, 
medium Cd-contaminated soil; 
HS, heavy Cd-contaminated 
soil; the asterisks (*) represent 
significant differences at the 
level of P < 0.05; the asterisks 
(**) represent significant differ-
ences at the level of P < 0.01; 
the asterisks (***) represent sig-
nificant differences at the level 
of P < 0.001
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before and after immobilization, and the abundance was 
higher in MS. BC significantly reduced the abundance of 
Cd resistance in LS and MS before immobilization. How-
ever, the abundance of Cd resistance increased substantially 
in the three soils after 180 days of incubation, while rice 
husk biochar significantly increased the abundance of Cd 
resistance genes in MS and HS, which was consistent with 
rice husk biochar significantly reducing the absolute con-
tent of acid-soluble Cd in both soils. The expression of the 
Cd resistance function was more prominent in medium and 
heavy Cd-contaminated soils. Overall, the expression of 
Cd transport-related genes in soil was influenced by vari-
ous factors such as biochar treatment, pollution levels, and 
incubation time.

Furthermore, Pearson correlation was conducted to deter-
mine the relationship between Cd transport-related functions 
and dominated bacterial phylum in Cd-contaminated soils 
(Fig. S2). Chloroflexota, Bacillota, and Actinomycetota were 
significantly and positively correlated with the abundance 
of Zn2+/Cd2+-exporting ATPase, ABC-2 type transport 
system ATP-binding protein, and ABC-2 type transport 
system permease protein, which indicated that these micro-
bial communities were stronger detoxified by themselves. 
Moreover, Pseudomonadota were significantly correlated 
with the abundance of Zn2+/Cd2+-exporting ATPase, cobalt-
zinc-Cd efflux system protein, ABC-2 type transport system 

ATP-binding protein, and ABC-2 type transport system 
permease protein, especially significantly facilitating Cd 
efflux behaviors in microorganisms. These indicated that the 
majority of Cd-related functions belonged to the Actinomy-
cetota and Pseudomonadota (Yan et al. 2020). In addition, 
the abundance of Cd resistance were also significantly and 
positively linked to Acidobacteriaota, Armatimonadota, and 
Planctomycetota, which indicated their possible involvement 
in the transformation of Cd forms in the soils as well.

4 � Conclusion

Rice husk biochar (BC) was effective for Cd immobilization, 
especially in LS and MS. In addition to AN and sucrase, 
BC significantly improved soil properties such as pH, SOM, 
CEC, AP, AK, and catalase in all three soils. Notably, BC 
had no significant effect on the structure of microbial com-
munities in the three soils, but incubation time and pollu-
tion levels had significant effects on bacterial community 
structure, and the structure of fungal communities was 
only significantly affected by pollution levels. Moreover, 
BC addition increased the association between microbial 
communities in LS and HS but inhibited in MS. At the 
same time, BC significantly affected the expression of Cd 
transport-related functions in the microbial communities of 

Fig. 8   The key functions regarding the transport of cadmium predicted by PICRUSt2 software. L, light Cd-contaminated soil; M, medium Cd-
contaminated soil; H, heavy Cd-contaminated soil; CK, soils without treatment; BC, soils from 5% rice husk biochar treatment
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the three soils, and the expression of these functions was 
more prominent in the soils with heavier Cd pollution. 
Pseudomonadota may have played an important role in the 
efflux of Cd; Chloroflexota, Bacillota, and Actinomycetota in 
microbial detoxification; and Acidobacteriaota, Armatimon-
adota, and Planctomycetota in Cd tolerance. BC could not 
only immobilize Cd and improve soil fertility but also not 
significantly disturb the structure of indigenous microbial 
communities; this made it a better amendment agent for the 
treatment of Cd -contaminated soil in the future.
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