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Abstract 

The increasing contamination of soil with heavy metals, particularly cadmium, poses a significant threat to agricultural 
productivity, especially in tobacco cultivation. The primary objective of this study is to explore the impacts of biochar 
combined with microorganisms on tobacco resistance and soil remediation under cadmium stress. The experi-
ment consisted of four treatments: namely, G0C0 (no cadmium or biochar added), G1C0 (cadmium 130 mg added, 
no biochar added), G1C1 (cadmium 130 mg added, 10 g kg−1 biochar added), and G1C2 (cadmium 130 mg added, 
10 g kg−1 biochar added, and 1% microbial inoculant added). The influence of each treatment on tobacco growth 
and development, cadmium uptake by tobacco, soil biological characteristics, and components of soil microbial 
communities was investigated. The study revealed that cadmium stress had a negative impact on tobacco net pho-
tosynthesis. Notably, biochar was found to be effective in alleviating this effect. The results demonstrated that Appar-
ent Quantum Yield (AQY), Maximum Photosynthetic Rate (Pmax), and Light Saturation Point (LSP) in G1C1 increased 
by 1.69%, 80.50%, and 30.76%, respectively, compared to G1C0. Similarly, AQY, Pmax, and LSP in G1C2 increased 
by 3.39%, 86.84%, and 62.35%, respectively. Following cadmium contamination, the levels of soil urease, catalase 
activity, and microbial biomass nitrogen and carbon were reduced. However, the application of biochar significantly 
enhanced urease and catalase activities by 12.42–63.89% and 13.03–14.17%, respectively. Additionally, the carbon 
and nitrogen content of microbial biomass increased by 46.42–76.27% and 21.56–28.12%, respectively, compared 
to the G1C0 treatment. The combined application of biochar and Trichoderma exhibited a synergistic effect, enhanc-
ing soil microbial diversity and community structure while increasing the abundance of beneficial genera such 
as Mucoromycota, Chaetomium, and Bacillus. Additionally, biochar effectively restricted the upward transport of cad-
mium in tobacco plants. These findings suggest that co-applying biochar and microorganisms offers a sustainable 
strategy to enhance tobacco plant resilience under cadmium stress, improve soil ecology, and promote soil remedia-
tion in contaminated environments.
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Highlights 

•	 Innovative use of biochar and Trichoderma enhances soil health and fertility.
•	 Biochar enhances the physiological resistance of tobacco under cadmium stress.
•	 Combining biochar and microorganisms reduces cadmium uptake in tobacco and improves soil microbial diversity.

Keywords  Biochar, Cadmium stress, Rhizosphere soil micro-ecology, Micro-ecological balance

Graphical Abstract

1  Introduction
The deterioration of soil quality driven by intensified 
human activities, such as mining and excessive agro-
chemical use, has amplified concerns over heavy metal 
contamination in soils (Zhou et  al. 2017; Nirola et  al. 
2016). Among these heavy metal contaminants, cad-
mium (Cd) is particularly hazardous due to its high 
mobility and persistence in the environment, even at 
low concentrations (Xu et  al. 2020). Cd contamina-
tion in farmland soils is a growing issue, especially in 
China, where extensive soil studies have identified Cd 
as the most prevalent heavy metal pollutant (Zhang 
et al. 2014; Liu et al. 2020a, b). Plants readily absorb Cd 
from contaminated soil, leading to its bioaccumulation 
in edible crops, which poses significant risks to human 

and animal health through the soil–plant-food chain 
(Aryal et  al. 2016; Wang et  al. 2010; Jianrui and Ying-
ming 2015; Zhu et  al. 2023). This has raised concerns 
regarding food safety and public health, particularly in 
regions with high Cd contamination levels. The pres-
ence of other heavy metals and secondary contaminants 
in the soil can further complicate the bioavailability and 
toxicity of Cd, highlighting the need for a comprehen-
sive understanding of multi-pollutant interactions. For 
instance, the presence of lead and arsenic can alter Cd 
uptake in plants, while mercury contamination may 
enhance Cd’s mobility in soil systems. In addition, sec-
ondary contaminants such as persistent organic pollut-
ants, including polycyclic aromatic hydrocarbons and 
pesticides, can bind with heavy metals, complicating 



Page 3 of 21Ren et al. Biochar           (2025) 7:119 	

their environmental behavior and increasing eco-
logical risks. These multi-contaminant interactions 
can enhance toxicity, reduce soil fertility, and further 
endanger food safety.

Various techniques have been proposed for the remedi-
ation of soils contaminated with heavy metals (Sánchez-
Castro et al. 2023). Among these, the immobilization of 
Cd using soil amendments is regarded as a more cost-
efficient and environmentally sustainable alternative 
compared to other methods such as soil leaching, ther-
mal treatment, microbial remediation, and phytoreme-
diation (Hu et  al. 2020). However, the effectiveness of 
these techniques may be influenced by the presence of 
secondary contaminants and their interactions with Cd 
in the soil matrix. Further research is needed to opti-
mize remediation strategies that address multi-pollutant 
scenarios and minimize the risks associated with heavy 
metal contamination.

Biochar has been proven effective in mitigating Cd 
contamination and improving polluted soils (Hong 
et  al. 2019; Yu et  al. 2018). Biochar is produced by 
heating biomass at high temperatures through pyroly-
sis. It possesses  a porous structure that can provide 
numerous attachment sites for soil microorganisms, 
improving microbial activity and boosting crop growth 
and stress resistance (Qi et  al. 2022; Yang et  al. 2023) 
Recent studies have delved into the potential of biochar 
as a solution to mitigate plant and soil contamination 
caused by excessive heavy metal levels (Kayoumu et al. 
2025). Huang et  al. (2020a, b) demonstrated that bio-
char enhances soil microorganism habitat by adsorbing 
heavy metals and reducing the  bioavailability  of toxic 
substances. Meanwhile, Ren et  al. (2021)observed that 
biochar effectively absorbs Cd ions in the soil, leading 
to a significant reduction of up to 48% in Cd content 
in leaves. Currently, the most common mechanisms 
by which biochar alleviates cadmium pollution are ion 
exchange, co-precipitation, cation π-electron interac-
tion, and complexation. While the precise mechanism 
remains unclear, these are the most widely accepted 
explanations according to Hamid et al. (2019). In addi-
tion to biochar, biological agents containing functional 
micro-organisms are also seen as crucial in address-
ing soil Cd contamination and improving soil micro-
bial ecology conditions (Yu et  al. 2022). Meanwhile, 
Trichoderma, a genus of beneficial fungi, has been 
widely studied for its bioremediation potential, plant 
growth-promoting abilities, and heavy metal detoxifi-
cation properties (Zhang et al. 2018). Trichoderma spe-
cies play a crucial role in soil remediation by mitigating 
heavy metal contamination through multiple biologi-
cal mechanisms. These fungi exhibit high tolerance 
to toxic metals such as Cd, lead (Pb), nickel (Ni), and 

copper (Cu), and can immobilize these metals through 
biosorption and bioaccumulation, thereby reduc-
ing their bioavailability and toxicity in the soil. For 
instance, Trichoderma asperellum has demonstrated a 
strong ability to scavenge heavy metals, while Tricho-
derma atroviride has been identified for its capability to 
uptake and immobilize toxic metals, making them valu-
able in bioremediation strategies (Hoseinzadeh et  al. 
2017). By improving soil microbial diversity, promoting 
enzymatic activity, and fostering plant–microbe inter-
actions, Trichoderma serves as an effective biologi-
cal agent for soil remediation, offering an eco-friendly 
approach to mitigating heavy metal contamination 
while supporting sustainable agriculture.

Although the individual benefits of biochar and Tricho-
derma fungi in soil remediation are well-documented, 
their synergistic effects in Cd-contaminated soils remain 
insufficiently studied. Previous studies have primarily 
focused on the influence of biochar on soil Cd content, 
bacterial diversity, and enzyme activity (Ren et al. 2022). 
However, there is a significant gap in understanding the 
micro-ecological restoration mechanisms associated 
with biochar application and the potential advantages of 
combining biochar with Trichoderma to reduce Cd accu-
mulation and toxicity. In this study, tobacco (Nicotiana 
tabacum) was selected as the model plant for investi-
gating Cd accumulation and soil remediation strategies. 
Unlike common vegetables and staple crops, tobacco is a 
hyperaccumulator of heavy metals, particularly Cd, and 
is widely cultivated in Cd-contaminated regions (Chen 
et al. 2022; da Silva et al. 2016). Due to its high Cd tol-
erance and accumulation capacity, tobacco serves as an 
ideal plant for assessing Cd stress responses and reme-
diation efficiency. In addition, tobacco cultivation is 
economically significant, and excessive Cd accumula-
tion in tobacco leaves poses risks not only to human 
health through smoking but also to soil sustainability in 
tobacco-growing areas.

Therefore, this study aims to address these knowledge 
gaps through the following objectives: (1) evaluate the 
impact of Cd stress on tobacco plants and soil by ana-
lyzing physiological and biochemical stress responses, 
(2) investigate the effects of using solely biochar and in 
combination with Trichoderma on Cd migration, bio-
availability, and accumulation in soil and tobacco plants, 
(3) evaluate changes in soil microbial communities and 
plant health following the application of biochar and 
biochar-Trichoderma combinations under Cd stress, 
(4) elucidate the underlying mechanisms by which bio-
char and Trichoderma influence soil microecology and 
plant resilience, and (5) determine the overall effective-
ness of biochar-based strategies for Cd remediation while 
recommending future research directions to enhance 
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ecological restoration efforts. This research seeks to pro-
vide comprehensive insights into sustainable soil reme-
diation practices and the practical application of biochar 
and Trichoderma in enhancing soil health and plant 
resistance in Cd-contaminated environments.

2 � Methodology
2.1 � Materials
This study was conducted at the Tobacco Research Lab-
oratory of Henan Agricultural University Zhengzhou 
Campus (34°01′N, 113°49′E). The soil in this study was 
gathered from the ploughing layer (0–20 cm) of a sandy 
loam-textured wheat field in Suqiao Town, Xuchang 
County. The soil used in this study was subjected to air-
drying, sterilization, and sieving via a 2 mm mesh screen. 
Table 1 presents the fundamental features of the soil. In 
this study, the biochar was procured using a pyrolysis 
method jointly developed by Henan Biochar Engineering 
Technology Research Center and the Institute of Tropical 
Aquaculture and Fisheries of Universiti Malaysia Tereng-
ganu, produced through oxygen-limited pyrolytic ther-
mal cracking of peanut shells at temperatures between 
380  °C and 400  °C. The biochar has a pH of 8.55, con-
tains 61.97% carbon, and 1.29% nitrogen, and has a spe-
cific surface area of 15.89 m2g−1 and an average pore size 
of 1.85 nm. The microbial inoculant of Trichoderma har-
zianum (Patent deposit number CGMCC23294) required 
for the experiment was prepared by Henan Biochar Engi-
neering Technology Research Center.

2.2 � Design of the test
The experiment consisted of four treatments: G0C0 (no 
cadmium, no biochar), G1C0 (cadmium 130 mg, no bio-
char), G1C1 (cadmium 130 mg, 10 g  kg−1 biochar), and 
G1C2 (cadmium 130 mg, 10 g  kg−1 biochar + 1% micro-
bial inoculant). The experiment employed a two-factor 
completely randomized block design. To ensure repro-
ducibility, all treatments were replicated three times. 
Each treatment group contained approximately 16 
tobacco plants, which ensured sufficient plant availabil-
ity for biomass sampling at three time points while main-
taining experimental integrity. To evaluate the stability 
and stress resilience of the biochar–microorganism com-
posite under extreme contamination conditions, and to 
enhance the detectability of treatment effects, a high-Cd 
stress scenario was simulated. Based on preliminary tri-
als, 130 mg kg−1 of exogenous Cd was introduced into the 

soil, as this concentration triggered the most pronounced 
physiological responses in plants, thereby facilitating a 
better elucidation of the biochar–microbe remediation 
mechanisms. Cd was applied in the form of cadmium 
nitrate and thoroughly mixed into the soil rather than 
surface-applied to ensure uniform distribution. The soil 
was homogenized using mechanical mixing followed by 
manual stirring before potting. The total soil weight per 
pot was 16.8 kg.

Soil preparation occurred two weeks before transplant-
ing, during which fertilizers, biochar, and other supple-
ments were incorporated to allow for the appropriate 
aging of Cd. Analytical-grade fertilizers and exogenous 
additives were used, including cadmium nitrate, ammo-
nium nitrate, calcium dihydrogen phosphate, potas-
sium sulfate, and tobacco rod charcoal (sieved through 
a 10-mesh screen). A pure nitrogen amount of 1.16  g 
per pot was applied, maintaining an N: P₂O₅: K₂O ratio 
of 1: 1.5: 3. Following the initial fertilizer application, 
no further top-dressing was conducted, in accordance 
with the field tobacco leaf management method (GB/T 
23221–2008).

2.3 � Soil sampling and determination of soil characteristics
2.3.1 � Soil sampling
Following 75 days of transplanting, the soil at a depth of 
0–10  cm surrounding the pot was compressed and the 
complete root structure of the tobacco plant was care-
fully extracted. The roots were delicately shaken to elimi-
nate most of the adhering soil, leaving only a minimal 
amount attached to the root surface. The root ball was 
then returned to its original position in the pot and the 
roots were vigorously shaken to dislodge any remaining 
soil particles. A 5–10  g soil sample was collected from 
the 0–10 cm soil layer within the pot, ensuring it was free 
from debris, plant roots, animal remains, or other con-
taminants. The sample was then processed by passing it 
through a 2 mm sieve before being kept in a sterile 10 mL 
centrifuge tube. To preserve microbial integrity, the soil 
samples were immediately placed on dry ice and subse-
quently analyzed for microbial diversity at Shanghai Ouyi 
Biomedical Technology Co., Ltd.

2.3.2 � Soil enzyme activity and soil microbial biomass
Enzyme activity in the soil was determined by the kit pro-
vided by Suzhou Keming Biotechnology Co., Ltd. Urea 
was employed as the substrate and the NH3-N generated 

Table 1  Main features of soils

Soil texture Sampling site pH Organic matter (g kg−1) Total N (mg kg−1) Available K (mg kg−1) Available P (mg kg−1)

Sandy loam Xuchang 7.8 12.12 46.79 120.53 11.18
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by urea hydrolysis via urease was quantified using indo-
phenol blue calorimetry. The ammonia concentration 
can be measured by determining the intensity of the blue 
indophenol formed, which is directly proportional to 
urease activity. Soil catalase has a characteristic absorp-
tion peak at 240  nm. Thus, the solution was tested for 
optical density at 240 nm after reaction with soil samples 
containing different levels of S-CAT activity.

The chloroform fumigation extraction technique was 
employed to quantify soil microbial biomass carbon 
(MBC) and nitrogen (MBN). Fresh soil samples were 
treated with chloroform and subsequently extracted with 
K2SO4. MBC was quantified using a fully automated 
organic carbon analyzer (Vario TOC, Elemental, Ger-
many), and MBN was measured using a fully automated 
Kjeldahl nitrogen analyzer. The conversion coefficients of 
MBN and MBC were 0.54 and 0.45, respectively (Brookes 
et al. 1985; Vance et al. 1987).

2.3.3 � Soil microbial determination
2.3.3.1  Extraction of  DNA and  amplification 
of PCR  Microbial community DNA was isolated using 
the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, 
GA, U.S.) according to the manufacturer’s protocol. The 
quality of the extracted DNA was assessed using 1% aga-
rose gel electrophoresis, while its purity and concentra-
tion were determined with a NanoDrop2000 spectropho-
tometer.

ABI GeneAmp® 9700 was used for PCR amplifica-
tion in this study. Bacterial analysis involved amplifying 
the V3-V4 variable region of the 16S rRNA gene using 
primers (338F: 5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′ 
and 806R: 5′-GGA​CTA​CHV GGG​TWT​CTAAT-3′). 
For fungal analysis, the V5-V7 variable region of the 
18SrRNA gene was targeted using primers (SSU0817F: 
5′-TTA​GCA​TGG​AAT​AATRR AAT​AGG​A-3′ and 
1196R: 5′-TCT​GGA​CCT​GGT​GAG​TTT​CC-3′). PCR 
amplification commenced with an initial denaturation at 
95 °C for 3 min, followed by 27 cycles of denaturation at 
95 °C for 30 s, annealing at 55 °C for 30 s, and elongation 
at 72 °C for 30 s. A final elongation step was performed 
at 72 °C for 10 min. The amplified products were subse-
quently stored at 4 °C for further analysis.

The PCR reaction mixture for each sample consisted 
of 4 μL of 5 × TransStart FastPfu buffer, 2 μL of 2.5 mM 
dNTPs, 0.8 μL of each 5 μM upstream and downstream 
primer, 0.4 μL of TransStart FastPfu DNA polymerase, 
and 10 ng of template DNA, with a total volume of 20 μL. 
Each sample was replicated three times.

2.3.3.2  Illumina Miseq sequencing  PCR products from 
each sample were separated using a 2% agarose gel. The 
targeted bands were then purified with the AxyPrep DNA 

Gel Extraction Kit (Axygen Biosciences, Union City, CA, 
USA), and the purity of the extracted DNA was confirmed 
via 2% agarose gel electrophoresis. The concentration of 
the purified products was quantified using the Quantus™ 
Fluorometer (Promega, USA). For library preparation, the 
NEXTFLEX Rapid DNA-Seq Kit was employed, following 
these steps: (1) adapter ligation, (2) magnetic bead selec-
tion to eliminate self-ligated adapters, (3) PCR amplifi-
cation of the library templates, and (4) recovery of PCR 
products using magnetic beads. The prepared libraries 
were then sequenced on the Illumina Miseq PE300 plat-
form by Shanghai Majorbio Co., Ltd.

2.4 � Determination of botanical traits
2.4.1 � Determination of photosynthetic physiological 

indicators
The intercellular CO2 concentration (Ci), net photosyn-
thetic rate (Pn), transpiration rate (Tr), and stomatal 
conductance (Gs) of tobacco plants were assessed at dif-
ferent growth stages (30-day clump stage, 60-day dome 
stage, and 90-day mature stage) using the LI-6400 port-
able photosynthesis system (LI-COR, USA). For each 
treatment, three strains were chosen and each strain 
underwent three measurements. The resulting data was 
analyzed by calculating the average value for each strain, 
and a rotational order was used to ensure accuracy and 
consistency in the measurements.

2.4.2 � Determination of dry matter weight
Three plants were arbitrarily chosen from each treatment 
at distinct phases of tobacco plant growth (30-day clump 
stage, 60-day dome stage, 90-day mature stage). The fresh 
weight of roots, stems, and leaves was individually meas-
ured, followed by subjecting the samples to 105 ℃ for 
15 min to halt biological activity. The samples were dried 
at 65 ℃ until a consistent weight was attained. Finally, the 
dried samples were weighed to calculate the accumula-
tion of the substances.

2.4.3 � Determination of cadmium content in flue‑cured 
tobacco

The dry ashing method specified in the National Food 
Safety Standard, GB5009.15–2014 (Standardization 
Administration of China 2014) was used to incinerate the 
Cd present in tobacco plants. The Cd extract from the ash 
was evaluated by an inductively coupled plasma atomic 
emission spectrometer (ICP-AES). The assessment was 
conducted to determine Cd accumulation, distribution 
rate, transport coefficient and enrichment coefficient in 
various parts of tobacco plants, including leaves, stems, 
and roots. Cd accumulation was estimated by multiply-
ing the Cd content of each plant part by the biomass of 
the corresponding part. The transport coefficient was 
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determined by comparing the content of heavy metals in 
the latter part to that in the former part. The enrichment 
coefficient was calculated by dividing the heavy metal 
content in a specific organism part by the soil heavy 
metal content.

2.5 � Data processing
Trimmomatic was employed for quality control of the 
raw sequencing data. Paired-end reads with low tail 
quality (less than 20) were merged using FLASH with a 
50 bp window size. In addition, bases were trimmed from 
the rear end of the sequence if the average quality score 
within the sliding window dropped below 20. Finally, 
sequences shorter than 50 bp after quality control, along 
with those containing ambiguous N bases were filtered 
out. For merging paired reads, a minimum 10  bp over-
lap length was required and sequences with a maximum 
of 0.2 mismatch ratio were excluded. The samples were 
discerned by barcodes and primers located at the ini-
tial and end of the sequence. Then the direction of the 
sequence was modified accordingly. The barcodes were 
matched exactly and the primers allowed a maximum of 
2 mismatches.

Sequences were grouped into operational taxo-
nomic units (OTUs) and chimeras were eradicated 
using UPARSE software (version 7.1 http://​drive5.​com/​
uparse/) with a 97% similarity threshold. RDP classifier 
(http://​rdp.​cme.​msu.​edu/) was employed to assign spe-
cies classifications to each sequence, with a comparison 
threshold set at 70% against the Silva database (SSU128). 
Data processing was performed using Microsoft Excel 
2016 and variance analysis was conducted using the least 
significant difference method in DPS7.0 software.

3 � Results
3.1 � Effects of remediation on tobacco photosynthesis
3.1.1 � Light response curve
As depicted in Fig.  1, the photosynthetic-light response 
curves of the four treatment groups of tobacco exhibited 
a similar trend. When photosynthetically active radia-
tion (PAR) was ≤ 1200 (μmol m−2  s−1), tobacco Pn (net 
photosynthetic rate) increased rapidly with increasing 
PAR. However, as PAR continued to rise, the growth 
of Pn in each treated tobacco decelerated, gradually 
approaching the maximum net photosynthetic rate of 
tobacco. At PAR ≤ 800 (μmol m−2  s−1), the net photo-
synthetic rate of each treatment followed the order: 
G1C2 > G0C0 > G1C0 > G1C1. The net photosynthetic 
rate of tobacco was impacted differently by varying lev-
els of Cd within the PAR range of 800 to 1800 (μmol 
m−2  s−1). The G1C2 treatment had the highest net pho-
tosynthetic rate, followed by G0C0, G1C0, and G1C1. 
From PAR 200 to 1200 (μmol m−2  s−1), the Pn values 

of G1C1 decreased by 31.11, 24.25, 21.45, 20.63, 22.93, 
25.39, and 27.09% compared to G1C2, respectively. These 
changes were all dependent on the action of microorgan-
isms, indicating that microorganisms play an important 
role in antagonizing Cd. These results highlight the nega-
tive effects of cadmium on the net photosynthetic rate of 
tobacco. However, adding biochar in sufficient quanti-
ties to bind microorganisms can effectively mitigate this 
decline and even enhance the net photosynthetic rate of 
tobacco beyond its original level.

3.1.2 � Photosynthetic light‑response curve of tobacco
Table  2 shows that the photosynthesis of tobacco changed 
after the soil was contaminated with Cd. The AQY, Pmax, 
and LSP of G1C0 were all lower than those of G0C0, with 
reductions of 15.71%, 44.47%, and 30.24%, respectively. The 
addition of biochar to soil has the potential to substantially 
affect photosynthesis. Specifically, it has been observed that 
higher levels of biochar can lead to increased values of AQY, 
Pmax, and LSP, even at the same Cd concentration. These 
values were highest in G1C2, followed by G1C1 and G1C0. 
The AQY, Pmax, and LSP of G1C1 increased by 1.69%, 
80.50%, and 30.76%, respectively, whereas the AQY, Pmax 
and LSP of G1C2 increased by 3.39%, 86.84%, and 62.35%, 
respectively, in comparison to G1C0. In summary, it can be 
inferred that Cd stress can adversely affect photosynthesis in 
plants. However, the use of biochar can potentially mitigate 
this stress effect.

3.2 � Effects of remediation on tobacco dry matter 
accumulation

Based on the data presented in Table 3, it can be observed 
that Cd has a negative effect on the reproductive period 
of tobacco plants, leading to a constant inhibition of 

Fig. 1  Effect of Cd stress on the photosynthetic-light response curve 
of tobacco. The x-axis scale represents photosynthetically active 
radiation, while the y-axis indicates the net photosynthesis rate. 
Different sample groups are depicted using columns of distinct colors

http://drive5.com/uparse/
http://drive5.com/uparse/
http://rdp.cme.msu.edu/
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their growth. During the growth stages, it was observed 
that the highest total dry matter accumulation occurred 
in G0C0, while the lowest accumulation was found in 
G1C0. Specifically, at the 30th, 60th, and 90th days after 
tobacco transplantation, the total dry matter accumula-
tion in G1C0 decreased by 77.41%, 55.02%, and 68.88%, 
respectively, compared to G0C0. On the other hand, 
G1C2 witnessed a significant reduction of 60.98%, 0.29%, 
and 34.49%, respectively, in the total dry matter accumu-
lation compared to G0C0. Interestingly, the combina-
tion of biochar and microorganisms positively impacted 
dry matter accumulation in G1C2, as it was considerably 
higher than in G1C0. This finding suggests that biochar 
and microorganisms can potentially mitigate the adverse 
effects of Cd toxicity on tobacco plants.

3.3 � Effects of remediation on cadmium in tobacco
Figure  2 shows that during tobacco transplantation, the 
leaves and stems had higher Cd levels, while the roots 
registered lower cadmium content. As growth advanced, 
the Cd concentration in the root area progressively 
increased, whereas the leaf and stem regions declined. 
After 60 days of tobacco transplantation, G1C0 roots had 
the highest Cd content, while G0C0, G1C1, and G1C2 
showed significant reductions of 97.51%, 52.05%, and 

66.63%, respectively in comparison to G1C0. The Cd 
concentration in tobacco remained unchanged 90  days 
after transplantation, indicating that the rate of Cd accu-
mulation in tobacco is relatively stable after 60 days. The 
study found that biochar caused a notable decline in Cd 

Table 2  Effects of Cd stress on characteristic parameters of tobacco photosynthetic-light response curve

Treatment AQY
(μmol mol−1)

Pmax
(µmol m−2 s−1)

Rd
(µmol m−2 s−1)

LCP
(µmol m−2 s−1)

LSP
(µmol m−2 s−1)

R2

G0C0 0.070 25.86 2.45 32.76 477.34 0.991

G1C0 0.059 14.36 3.53 47.11 332.99 0.996

G1C1 0.060 25.92 3.29 40.67 435.41 0.999

G1C2 0.061 26.83 3.09 39.97 540.61 0.996

Table 3  Effects of Cd stress on dry matter accumulation in tobacco

Days Treatment Root Stem Leaf Total accumulation

30 d G0C0 0.73 ± 0.041ab 0.41 ± 0.019c 3.73 ± 0.158c 4.87 ± 0.213c

G1C0 0.28 ± 0.029 cd 0.09 ± 0.008d 0.73 ± 0.099f 1.10 ± 0.134ef

G1C1 0.32 ± 0.012 cd 0.13 ± 0.012d 1.09 ± 0.062de 1.54 ± 0.086de

G1C2 0.61 ± 0.021bc 0.15 ± 0.022d 1.37 ± 0.069d 1.90 ± 0.092d

60 d G0C0 8.32 ± 1.02b 15.53 ± 0.99c 55.06 ± 4.69ab 78.91 ± 5.81b

G1C0 4.73 ± 0.78c 3.49 ± 1.72e 27.27 ± 4.50c 35.49 ± 5.39d

G1C1 7.22 ± 1.12b 8.99 ± 0.98d 43.79 ± 5.11b 60.00 ± 6.08c

G1C2 11.88 ± 2.21ab 12.93 ± 2.26c 53.87 ± 4.76ab 78.67 ± 7.21b

90 d G0C0 27.09 ± 2.12a 41.02 ± 2.78b 88.65 ± 5.09a 156.76 ± 9.99a

G1C0 8.00 ± 0.59c 11.00 ± 0.77d 29.78 ± 2.49c 48.78 ± 3.85d

G1C1 9.56 ± 0.52c 21.04 ± 1.76c 52.52 ± 4.15b 83.11 ± 6.43c

G1C2 14.29 ± 1.87b 29.63 ± 2.15c 58.78 ± 5.45b 102.70 ± 9.47b

Fig. 2  Characteristics of Cd content in each part of flue-cured 
tobacco. The abscissa scale stands for the transplantation period, 
whereas the ordinate signifies the Cd content of each part, 
and the different colors characterize different parts of tobacco, 
and the letters below the column are the corresponding sample 
group names
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content in tobacco plants under stress. Specifically, the 
root parts of G1C1 and G1C2 showed a decrease of 9.64% 
and 18.15%, respectively, compared to G1C0. The results 
indicate that biochar has a Cd-binding effect, and its 
combination with microorganisms can further enhance 
its effectiveness in reducing Cd content.

3.4 � Effects of remediation on Cd enrichment and transport 
in tobacco

Table  4 displays the differences in bioconcentration 
and transport coefficients across various Cd treat-
ments. When considering the entire tobacco plant, the 
pattern of enrichment coefficients for different parts 
(roots, stems, leaves) in each treatment was similar: 
G1C2 < G1C1 < G1C0, with G1C2 consistently hav-
ing the lowest enrichment coefficients. The enrichment 
coefficients of G1C2 tobacco plants were significantly 
decreased by 70.89%, 70.18%, 72.52%, 71.91%, and 
68.32%, respectively, compared to G1C0. The impact of 
biochar addition on the Cd enrichment coefficient var-
ies depending on the dosage. When compared to the 
G1C1 group (no biochar addition), the G1C2 group with 
increased biochar content and microorganism addition 
had significantly lower enrichment coefficients of Cd by 
32.16%, 36.43%, 16.00%, 10.32%, and 30.64% in differ-
ent parts of the tobacco plant. Notably, this combination 
resulted in the smallest enrichment coefficient of Cd in 
each part of the tobacco plant. Therefore, the enrichment 
coefficients of Cd in the untreated tobacco plant (G0C0) 
were not analyzed since it did not receive Cd addition.

The translocation coefficient is a measure of the ability 
of a plant to transport Cd from underground to above-
ground. It is expressed as the ratio of the Cd content of a 
particular aboveground plant part to that of a particular 

underground plant part. A higher transport coefficient 
indicates a greater plant capacity to transport Cd. Among 
the three treatments (G1C0, G1C1, G1C2)  in this study, 
G1C1 showed the smallest transport index, while G1C2 
displayed the lowest translocation index for the two 
translocation processes from stem to upper leaf and stem 
to lower leaf (Table 5). On the other hand, G1C0 exhib-
ited the smallest transport index during the three trans-
location processes of root to lower leaf, root to stem, and 
stem to central leaf. In summary, biochar is an effective 
method for inhibiting the transfer of Cd from the roots 
and stem to the upper parts of the tobacco plant. This 
results in a decrease in the Cd content in the middle and 
upper sections of the plant. However, it should be noted 
that biochar is not effective in blocking the movement of 
Cd from the roots to the lower leaf and stem parts of the 
plant. Therefore, the transport coefficient of Cd was not 
analyzed for G0C0 as it was not added with Cd.

3.5 � Effects of remediation on tobacco rhizosphere 
microbiota

The study obtained 669,023 valid sequences with an 
average of 111,503 sequences per sample. After uniform 
sampling, the study detected 496 fungal operational taxo-
nomic units (OTUs) and 9,261 bacterial OTUs. Among 
all the samples, 77 fungal OTUs and 1,470 bacterial 
OTUs were shared. Figure 3 provides a visual representa-
tion of the findings.

The Simpson and Shannon indices were used to meas-
ure the diversity of bacterial communities, whereas the 
Chao indices were used to measure the richness of bacte-
rial communities. A Coverage index was used to estimate 
the extent of bacterial community coverage. In Table  6, 
it was revealed that Cd in soil significantly reduced soil 

Table 4  Effects of enrichment coefficients of Cd in various parts of tobacco

Treatment Root Stem Leaf

Upper Middle Lower

G1C0 7.97 ± 0.37a 2.75 ± 0.09a 10.70 ± 0.43a 15.77 ± 0.72a 48.75 ± 1.59a

G1C1 3.42 ± 0.32b 1.29 ± 0.07b 3.50 ± 0.19b 4.94 ± 0.12b 22.26 ± 1.02b

G1C2 2.32 ± 0.16b 0.82 ± 0.03b 2.94 ± 0.18b 4.43 ± 0.44b 15.44 ± 0.98c

Table 5  Effects of heavy metals in Cd-contaminated soil on the transport coefficients between tobacco plants

Treatment Root to upper 
leaf

Root to middle 
leaf

Root to lower 
leaf

Root to stem Stem to upper 
leaf

Stem to middle 
leaf

Stem to lower leaf

G1C0 1.343 ± 0.065a 1.980 ± 0.059a 6.118 ± 0.099a 0.346 ± 0.027a 3.884 ± 0.077a 0.175 ± 0.007b 0.057 ± 0.001a

G1C1 1.023 ± 0.019b 1.444 ± 0.073b 6.510 ± 0.240a 0.378 ± 0.031a 2.709 ± 0.099b 0.262 ± 0.014a 0.058 ± 0.001a

G1C2 1.266 ± 0.076a 1.905 ± 0.045a 6.641 ± 0.177a 0.355 ± 0.016a 3.571 ± 0.063a 0.186 ± 0.004b 0.053 ± 0.002a
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fungi diversity, as shown by the lowest Shannon index 
and highest Simpson index values observed in G1C0. 
Conversely, the application of biochar seemed to miti-
gate the negative impact of Cd on soil fungal diversity, 
as signified by higher Shannon index and lower Simpson 
index values in G1C1 and G1C2. Additionally, the Chao 
index values showed that Cd contamination significantly 
decreased soil fungi richness, with the greatest richness 
observed in G0C0 and the lowest in G1C0. In contrast, 
biochar was found to elevate the richness of soil fungal 
communities affected by Cd stress.

The α diversity index of bacterial communities 
exposed to Cd-contaminated soil was similar to that 
of fungal communities. Notably, the Simpson index 
sequence of fungal communities was observed to be 
G0C0 < G1C2 < G1C1 < G1C0, while the Shannon index 
sequence was G1C0 < G1C2 < G1C1 < G0C0. These 
results suggest that soil contamination with Cd caused 
a significant reduction in the α diversity of bacterial 
communities. However, the utilization of biochar has 
the potential to ameliorate this situation. Among the 

bacterial communities studied, G1C1 showed the high-
est species richness while G1C0 showed the lowest diver-
sity as measured by the Chao index. All samples were 
sequenced to a coverage of over 98.54%, indicating that 
the sequencing depth was sufficient for further analysis.

3.6 � Effects of remediation on tobacco rhizosphere 
microbial communities

3.6.1 � Soil flora structure at the phylum level
As described in Fig.  4, the dominant species of soil 
fungal communities were primarily Ascomycota, 
SAR_k__norank, Mucoromycota, Basidiomycota, and 
Zoopagomycota. The study results demonstrate that 
G1C0 exhibited the highest relative abundance of Asco-
mycota, with an increase of 4.81% compared to G0C0. 
This finding suggests a slight increase in Ascomycota rela-
tive abundance in the soil following Cd addition. How-
ever, Ascomycota relative abundance decreased by 20.38% 
in G1C1 and 0.26% in G1C2 compared to G1C0. These 
results indicate that biochar can potentially reduce Asco-
mycota abundance in the soil. Additionally, G1C0 exhib-
ited the lowest relative abundance of Mucoromycota 
among the treatments. However, G0C0, G1C1, and G1C2 
showed an increase of 108.49%, 4.06%, and 273.51%, 
respectively, as compared to G1C0. Although there was 
no substantial variance in Basidiomycota relative abun-
dance between G0C0 and G1C0, a noticeable difference 
was observed between G1C1 and G1C2. Specifically, the 
relative abundance of G1C1 was 95.74% lesser than that 
of G1C2.

As shown in Fig.  4, soil bacterial communities pre-
dominantly comprise Actinobacteria, Proteobacteria, 
Chloroflexi, Acidobacteria, and Firmicutes. The rela-
tive abundance of Actinobacteria on G0C0 and G1C0 

Fig. 3  Sample species Wayne diagram. Different color patches represent various interventions, and the overlapping parts of the two-color patches 
represent the same number of OTUs

Table 6  Diversity index of microbial communities

Kind Treatment Shannon Simpson Chao Coverage

Fungi G0C0 3.067368 0.092477 137.143 0.999968

G1C0 2.551152 0.193266 118.500 0.999872

G1C1 2.803606 0.109857 131.333 0.999855

G1C2 2.796934 0.118193 131.1666 0.999832

Bacteria G0C0 6.541458 0.003522 2733.815 0.988888

G1C0 6.208819 0.005666 2486.901 0.986026

G1C1 6.402161 0.005104 2875.289 0.985417

G1C2 6.352537 0.005102 2774.637 0.986795
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was markedly higher than that of G1C1 and G1C2. The 
addition of Cd did not significantly modify the relative 
abundance of Actinobacteria in the soil, but adding bio-
char reduced its abundance. The relative abundance of 
Actinobacteria in G0C0 and G1C0 showed a significant 
increase of 15.16% and 14.33%, respectively, compared 
to G1C1. These findings suggest that biochar addition 
can decrease the abundance of Actinobacteria in the 
soil, while Cd does not substantially impact its relative 
abundance. The treatment G1C2 recorded the lowest 
relative abundance of Proteobacteria, while the highest 

was observed in G0C0. Notably, the relative abundance 
of Proteobacteria in G1C2 was reduced by 17.08% com-
pared to G0C0.

Conversely, the relative abundance of Proteobacte-
ria in G1C0 and G1C1 did not exhibit significant dif-
ferences compared to G0C0. Furthermore, the highest 
relative abundance of Chloroflexi was observed in the 
G1C0 treatment, while the lowest was recorded in G1C2. 
This suggests that the relative abundance of Chloroflexi 
increased when Cd was introduced into the soil, but bio-
char addition inhibited bacterial growth. The relative 

Fig. 4  Composition of fungal (a) and bacterial (b) community species at phylum level. The horizontal axis represents the species proportion, 
while the vertical axis represents different sample groups. Different species are denoted by columns of various colors, with the length 
of the columns indicating the proportion of each species
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abundance of Chloroflexi treated with G1C1 and G1C2 
decreased by 27.85% and 15.31%, respectively, compared 
with G1C0. These findings suggest that the presence of 
Cd in soil impacts the relative abundance of Proteobacte-
ria and Chloroflexi, and that adding biochar can mitigate 
this effect.

3.6.2 � Soil microbiota structure at the genus level
Figure 5(a) shows the visible fungal community species at 
the genus level, revealing the dominant fungal species in 
the soil, including Chaetomium, unclassified_f__Colpo-
dea, and unclassified_c__Sordariomycetes. Among these 
species, Chaetomium exhibited the highest abundance 
in G1C0 treatment, accounting for 38% of the total. The 
present study compared the impacts of G0C0, G1C1, and 
G1C2 treatments on Chaetomium relative abundance in 
soil samples. The results showed that G0C0 and G1C2 
treatments accounted for 23% of the relative abundance, 
while G1C1 contributed 17%. The relative abundance of 
Chaetomium in G0C0, G1C1 and G1C2 decreased by 
39.72%, 56.01%, and 40.63%, respectively, compared to 
G1C0. These findings suggest that Cd pollution leads to a 
decline in the relative abundance of Chaetomium in soil, 
but adding biochar can help mitigate this problem.

Figure 5(b) shows the visible bacterial community spe-
cies at the genus level, highlighting the dominant bacteria 
in the soil, including norank_f__JG30-KF-CM45, Bacillus, 
norank_f__norank_o__Vicinamibacterales, Arthrobacter, 
and Streptomyces. In norank_f__JG30-KF-CM45, the four 
treatments accounted for the abundance of G0C0 (23%), 
G1C0 (32%), G1C1 (23%), and G1C2 (22%). The abun-
dance of different Bacillus species was analyzed in a soil 
sample contaminated with Cd. The results indicated that 
Cd contamination led to variations in Bacillus species 
abundance levels. Specifically, the abundance shares of 
G0C0, G1C0, G1C1, and G1C2 were 17%, 14%, 48%, and 
20%, respectively. These findings suggest that Cd contam-
ination can significantly impact the microbial community 
in soil, potentially affecting soil health and plant growth. 
However, biochar has been shown to restore the abun-
dance of these bacterial genera to normal levels.

3.7 � Effects of remediation on soil microbial and soil 
enzyme activity

Soil microbial carbon was significantly reduced after Cd 
contamination. The results indicate a significant decline 
of 32.48% in soil microbial carbon content compared 
to G0C0 (Fig. 6). However, an increase in soil microbial 
carbon content was observed in both G1C1 and G1C2, 
by 46.42% and 76.27%, respectively, when compared 
to G1C0. It is imperative to note that G1C2 exhibited a 
substantial increase of 19.01% compared to G0C0. These 
findings suggest that biochar can effectively enhance soil 

microbial carbon content and mitigate Cd pollution. In 
addition, the combination of biochar with microorgan-
isms showed the most significant improvement in soil 
microbial carbon.

Figure 7 shows the application of biochar and microor-
ganisms to soil contaminated with Cd, resulting in a sig-
nificant increase in soil microbial nitrogen. Specifically, 
the soil microbial nitrogen of G0C0, G1C1, and G1C2 
increased by 18.24%, 21.56%, and 28.12%, respectively, 
compared to G1C0. Notably, the increase in soil micro-
bial nitrogen from applying biochar and microorgan-
isms was significantly different from the soil microbial 
biomass nitrogen of G1C2. These findings suggest that 
although Cd contamination negatively affects soil micro-
bial nitrogen, applying biochar and microorganisms can 
mitigate these effects and even enhance soil microbial 
nitrogen levels.

Figure  8 depicts that the soil sample G1C0 exhibited 
the lowest urease activity, which was 13.34% less than 
that of G0C0. This observation suggests a significant 
reduction in soil urease activity due to Cd contamination. 
However, the urease activities of G1C1 and G1C2 showed 
a noteworthy increase of 12.42% and 63.89%, respec-
tively, compared to G1C0. Notably, the urease activity 
in G1C2 exceeded that of G0C0, indicating that biochar 
can enhance urease activity and restore it in Cd-contami-
nated soils. In summary, biochar may be an effective tool 
to remediate cadmium-contaminated soils by enhanc-
ing urease activity. The results presented in Fig. 9 dem-
onstrate that the catalase activity of G0C0 was 18.11% 
higher than that of G1C0. This observation implies that 
Cd contamination would significantly reduce soil peroxi-
dase activity. However, the soil catalase activities of G1C1 
and G1C2 increased significantly by 13.03% and 14.17%, 
respectively, compared to G1C0. Overall, this finding 
suggests that  biochar in Cd-contaminated soil can help 
restore catalase activity.

3.8 � Correlation analysis of soil microorganisms with soil 
enzyme activity and microbial biomass under different 
treatments

Table  7 reveals a significant correlation between the 
relative abundance of the top 20 microorganisms at the 
phylum level and the amount of soil microbial carbon, 
nitrogen, and enzyme activity. It was observed that Fir-
micutes exhibited a positive association with microbial 
biomass nitrogen, microbial biomass carbon, and ure-
ase activity. In fact, Firmicutes emerged as the microbial 
class with the strongest correlation with soil microbial 
biomass and enzyme activity. In addition, the results 
indicate that urease activity is significantly associated 
with microbial community composition. Specifically, 
Chloroflexi negatively correlated with urease activity, 
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while Gemmatimonadota, Mucoromycota, and Firmi-
cutes demonstrated a positive correlation. These find-
ings underscore the pivotal role that urease activity plays 
in shaping microbial community dynamics, as shown in 
Fig. 10.

4 � Discussions
4.1 � Impact of remediation on tobacco physiological 

indicators under cadmium contamination
Tobacco is widely recognized for its capacity to absorb 
Cd from the soil. However, excessive Cd uptake can sig-
nificantly impair tobacco growth, photosynthetic effi-
ciency, and overall physiological function while also 
posing serious health risks through smoking (Rosén et al. 
2012). A recent study revealed that Cd contamination in 
the soil negatively affects tobacco photosynthesis, result-
ing in a substantial reduction in AQY, Pmax, and LSP 
(Nie et al. 2019). However, the application of biochar has 
been found to mitigate this adverse effect. To mitigate 
Cd uptake in tobacco, biochar and microbial agents are 
widely utilized due to their ability to immobilize heavy 
metals in soil, alter Cd bioavailability, and enhance plant 
stress tolerance. Biochar, produced through biomass 
pyrolysis, contains abundant oxygen-containing func-
tional groups and a highly porous structure, which con-
tribute to Cd immobilization by various mechanisms, 
including ion exchange, complexation, precipitation, and 
electrostatic interactions (Li et al. 2021). These properties 
enable biochar to adsorb and retain Cd, thereby limiting 
its mobility in the soil and reducing its uptake by plant 
roots. Furthermore, biochar improves soil physicochemi-
cal properties, such as pH and cation exchange capacity, 
which further restrict Cd solubility and uptake by plants.

Microbial agents, particularly Trichoderma spe-
cies, also play a crucial role in reducing Cd absorption 

Fig. 6  Effects of biochar on soil microbial biomass carbon

Fig. 7  Effects of biochar on soil microbial biomass nitrogen

Fig. 8  Effect of biochar on soil urease activity

Fig. 9  Effect of biochar on soil catalase activity
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by tobacco. These beneficial microorganisms promote 
plant resistance to heavy metal stress through multiple 
mechanisms. The microbes produce organic acids and 
extracellular enzymes that bind to Cd ions, forming sta-
ble complexes that prevent Cd from entering plant roots 
(Babu et  al. 2014; Li et  al. 2021). In addition, microbial 
biofilms enhance root protection by creating a physical 
barrier against Cd uptake. Some microbes also induce the 
formation of plant metallothioneins and phytochelatins, 
which help detoxify Cd within plant tissues, reducing its 
harmful effects (Devi et al. 2022). Moreover, biochar pro-
vides a conducive environment for microbial activity by 
offering a stable habitat and improving soil moisture and 
nutrient retention (Karnwal et al. 2024), further enhanc-
ing the efficiency of microbial Cd immobilization.

The combined application of biochar and microorgan-
isms has been shown to be more effective than biochar 
alone in mitigating Cd stress in tobacco. The use of bio-
char significantly decreases Cd accumulation in differ-
ent tobacco plant tissues, lowering the Cd enrichment 
index and restricting its translocation from roots to 
upper leaves, roots to middle leaves, and stems to upper 
leaves. These findings are consistent with previous stud-
ies by Shar et al. (2025), which highlight the effectiveness 

of biochar-microbe interactions in Cd remediation. This 
study also found that Cd concentrations were consist-
ently higher in roots than in above-ground tissues. This 
phenomenon is primarily attributed to the suppression 
of xylem loading under elevated Cd conditions, which 
impairs Cd translocation efficiency to aerial organs. 
Sequestration of Cd within root vacuoles further restricts 
its mobilization to above-ground tissues, thereby con-
tributing to the alleviation of Cd toxicity in shoots.

Building upon these observations, a comparative evalu-
ation of G1C2 (biochar + microorganisms) and G1C1 
(biochar only) treatments further illustrates the added 
value of microbial inoculation in enhancing physiological 
and biochemical responses in tobacco under cadmium 
stress. The co-application of biochar and microorgan-
isms (G1C2) demonstrated notable improvements in 
various physiological and biochemical indicators of 
tobacco plants compared to the biochar-only treatment 
(G1C1), thus confirming the additional benefits con-
ferred by microbial inoculation. In particular, the G1C2 
group exhibited higher AQY, Pmax, and LSP, indicat-
ing enhanced photosynthetic efficiency under cadmium 
stress. Compared to G1C1, these parameters in G1C2 
increased by 1.70%, 3.51%, and 24.18%, respectively, 

Fig. 10  Correlation analysis of microbial communities and environmental factors. The visualization of the relationship between the microbial 
community and environmental factors is achieved using a color gradient in the color block. The color column on the right side of the figure 
represents the numerical values corresponding to the color gradient. The symbol * indicates significance at p < 0.05, while ** indicates significance 
at p < 0.01
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demonstrating the microorganisms’ role in further alle-
viating the inhibitory effects of cadmium on photosyn-
thesis. Similarly, total dry matter accumulation in G1C2 
reached 102.70 g at the 90-day growth stage, which was 
approximately 23.6% higher than that in G1C1, suggest-
ing that the addition of microorganisms supported more 
vigorous plant growth under stress conditions. Further-
more, the G1C2 treatment resulted in lower cadmium 
content in tobacco tissues and reduced enrichment and 
translocation coefficients, confirming that microorgan-
isms not only improved plant physiological performance 
but also contributed to reduced cadmium uptake and 
mobility within the plant. Enhanced soil enzymatic activ-
ities (urease and catalase) and greater microbial biomass 
carbon and nitrogen levels were also observed in G1C2, 
reflecting a more active and healthier rhizosphere envi-
ronment due to microbial presence. The microbial inoc-
ulation further enriched the soil microbial community 
structure, as evidenced by increased fungal and bacterial 
diversity, including the proliferation of beneficial genera 
such as Mucoromycota, Chaetomium, and Bacillus. These 
results collectively support the conclusion that micro-
organisms significantly contribute to the overall effec-
tiveness of the biochar-based remediation strategy and 
should be considered an integral component of sustain-
able soil restoration approaches under heavy metal stress.

4.2 � Effects of different treatments on soil microorganisms 
under cadmium contamination

The high toxicity of Cd metal in soil can cause severe cel-
lular damage, DNA destruction, and a reduction in the 
diversity of soil microbial communities (Xie et al. 2016). 
Excessive toxicity may result in microbial death (Mitra 
et  al. 2018; Qin et  al. 2019). A recent study discovered 
that fungal and bacterial community diversity decreased 
after soil was contaminated with Cd (Azadi and Raiesi 
2021; Xu et  al. 2023). Fang et  al. (2020) confirmed that 
the abundance of fungal and bacterial species in  cad-
mium-contaminated soil was significantly lower than in 
cadmium-free soil.

Similarly, Xu et al. (2020) examined the effects of excess 
cadmium on microbial enzyme activity, finding that cad-
mium contamination disrupts gene regulation, impairs 
microbial metabolic pathways, induces cell death, and 
alters the population and structure of soil microbial 
communities. Specifically, Cd contamination in the soil 
significantly alters the structure of the soil microbial 
community, resulting in a decline in the abundance of 
dominant bacteria such as Mucoromycota, Chaetomium, 
and Bacillus. Furthermore, the study found that the vari-
ation and stability of soil microbial communities increase 
significantly when soil Cd pollution reaches a certain 
level, ultimately affecting the structure of rhizosphere 

microbial communities (Gao et  al. 2025). Overall, this 
study highlights the need for effective measures to miti-
gate Cd contamination in soil to preserve the health of 
soil microbial communities and maintain the ecological 
balance of soil ecosystems.

Nevertheless, soil Cd contamination can be remedied 
by adding soil amendments, with biochar being a cost-
effective method (Zhang et al. 2024). Compared to other 
soil amendments, biochar has been proven to be more 
effective in improving soil fertility and microbial activ-
ity while reducing heavy metal bioavailability. Research 
(Yan and Liu 2020)  has shown that when exposed to 
similar Cd pollution conditions, the Shannon index and 
Chao index of G1C1 and G1C2 are significantly greater 
than those of G1C0, signifying that biochar can improve 
microbial diversity and community richness in Cd-
contaminated soil. This finding is consistent with previ-
ous studies that reported increased microbial diversity 
in biochar-amended soils (He et  al. 2020; Hossain et  al. 
2020). However, unlike previous research that primarily 
focused on the physical adsorption of heavy metals by 
biochar, our study uniquely demonstrates that the combi-
nation of biochar with microorganisms further enhances 
the relative abundance of dominant bacterial species 
such as Mucoromycota, Chaetomium, and Bacillus. This 
is because biochar has substantial porosity and desirable 
physicochemical properties that allow it to absorb, co-
precipitate, and form compounds with heavy metal, such 
as Cd (He et al. 2020; Hossain et al. 2020; Pokharel et al. 
2020). As a result, biochar alters the spatial distribution 
of heavy metals in soil, reduces their bioavailability, miti-
gates their toxicity, and minimizes the damage caused 
to soil microorganisms by Cd (Liu et al. 2020a, b; Huang 
et al. 2020a, b). Unlike other studies that mainly focused 
on the impact of biochar on heavy metal speciation, our 
research provides comprehensive insights into the com-
bined effects of biochar and microorganisms on soil 
microbial communities. These findings underscore bio-
char’s promise in remediating Cd-contaminated soil and 
provide new insights into its interplay with soil microor-
ganisms. Specifically, the results demonstrate that soil Cd 
contamination disrupts gene regulation, impairs micro-
bial metabolic pathways, triggers apoptosis, and alters 
the population dynamics and community structure of soil 
microorganisms.

4.3 � Effects of biochar and microbial combination on soil 
enzyme activity under cadmium contamination

Biochar has been found to have a dual effect on soil qual-
ity. In addition to mitigating Cd toxicity, it also enhances 
soil enzyme activity and increases soil microbial biomass 
carbon and nitrogen content (Max et al. 2011; Ball et al. 
2010). Soil contamination with Cd is known to cause a 
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decline in urease and catalase activities. This is primar-
ily because cadmium tends to occupy the active center 
of the enzyme or forms stable complexes with the thiol, 
amine, and carboxyl groups of the enzyme molecule, 
which subsequently results in competitive inhibition of 
the substrate. Moreover, soil heavy metals hinder the 
proliferation and reproduction of microorganisms in the 
soil, leading to decreased enzyme synthesis, secretion, 
and enzyme activity (Fang et al. 2020).

The soil catalase activities of G1C1 and G1C2 were 
found to have increased significantly by 13.03% and 
14.17%, respectively, when compared to G1C0. Similarly, 
the urease activities of G1C1 and G1C2 showed consid-
erable increase by 12.42% and 63.89%, respectively, com-
pared to G1C0. These observations suggest that biochar 
utilization has led to higher urease and catalase activi-
ties (Feng et  al. 2020). The combination of biochar and 
microbial agents enhances soil microbial diversity, lead-
ing to a more pronounced improvement in soil enzyme 
activity. This effect can be explained through microbial 
ecology theory, where biochar provides a habitat for 
beneficial microorganisms, fostering microbial commu-
nity stability and diversity. Increased microbial diversity 
promotes more efficient nutrient cycling by accelerating 
the decomposition of organic matter and the transfor-
mation of essential nutrients. In addition, biochar could 
help to stabilize microbial populations by improving soil 
structure and water retention, creating a favorable envi-
ronment for microbial activity. The biochar-microbial 
approach also mitigates the negative impact of Cd con-
tamination on soil enzyme activity. This finding aligns 
with a study by Majewska and Hanaka (2025), which 
demonstrated that heavy metal pollution alters microbial 
metabolic communities and inhibits urease and catalase 
enzyme activity. The observed effects can be attributed 
to the interaction between Cd and soil enzyme–substrate 
complexes, which can cause denaturation of enzyme pro-
teins, interaction with active protein groups, and affect 
microbial cell synthases, ultimately leading to decreased 
soil enzyme activity (Xu et  al. 2020). Overall, the use 
of biochar and microbial agents can be an effective 
approach to mitigating the adverse effects of heavy metal 
contamination on soil enzyme activity.

Biochar has been shown to improve soil organic mat-
ter content and increase the amount of stable carbon 
components. It provides more substrate for enzymatic 
reactions, regulates soil water and fertilizer balance, and 
creates favourable conditions for enzymatic reactions 
(Wang et al. 2019). The increase of microbial agents can 
improve soil physicochemical properties and introduce 
numerous active strains. When exogenous microorgan-
isms are added, they further enhance soil nutrient cycling 
and improve soil enzyme activity. The combined effect of 

biochar and microbial agents can significantly improve 
soil quality and promote healthy plant growth.

4.4 � Mechanism of biochar and microbial combination 
to microbial control in cadmium‑contaminated soil

The analysis of soil enzyme activity, soil microbial bio-
mass carbon and nitrogen, and soil microorganisms 
showed a strong correlation between soil urease and soil 
microorganisms. Specifically, microbial biomass carbon, 
nitrogen, and catalase were found to be related to cer-
tain dominant bacteria phyla such as Gemmatimadota 
and Firmicutes. These microbial groups play key roles 
in nutrient cycling, particularly in the transformation of 
organic matter and nitrogen, which directly influences 
soil fertility and plant growth under Cd stress (Mukher-
jee et al. 2022; Zhou et al. 2024). The enrichment of these 
beneficial microbial taxa suggests that biochar, in com-
bination with microbial inoculants, enhances microbial-
driven nutrient transformation, thereby promoting a 
more resilient soil environment.

Biochar, with its large surface area, high porosity, and 
oxygen-containing functional groups, creates a favorable 
microhabitat for microbial colonization and enhances 
microbial metabolic activity (Fig.  11). The interac-
tion between Cd and biochar probably occurs through 
adsorption, co-precipitation, and complexation, leading 
to a reduction in Cd bioavailability and toxicity (Yuan 
et  al. 2020). By limiting Cd mobility in the soil, biochar 
indirectly supports microbial survival and enzymatic 
functions, as heavy metal stress often inhibits microbial 
diversity and activity. Biochar also adsorbs soil enzyme 
reaction substrates, facilitating multi-enzyme system 
activity that enhances nutrient cycling, particularly in 
nitrogen and carbon transformations. Increased urease 
activity, for instance, suggests an accelerated nitrogen 
mineralization process, making nitrogen more available 
for plant uptake, which is critical for tobacco biomass 
accumulation and stress tolerance.

In addition, the observed increase in Gemmatimon-
adota and Firmicutes abundance in biochar-treated soils 
aligns with their known ecological functions in organic 
matter decomposition, heavy metal detoxification, and 
soil aggregation. Gemmatimonadota has been reported 
to have a positive correlation with urease activity, indi-
cating its role in nitrogen cycling and microbial-mediated 
Cd detoxification (Gong et  al. 2024; Mukherjee et  al. 
2022). Similarly, Firmicutes were positively associated 
with microbial biomass carbon and nitrogen, reflecting 
their contribution to carbon turnover, organic matter 
decomposition, and microbial resilience under Cd stress. 
By improving soil microbial community structure and 
enzymatic activity, biochar-based amendments reduce 
Cd phytotoxicity, enhance nutrient availability, and 
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promote a balanced rhizosphere microecology, ultimately 
supporting tobacco root development, nutrient uptake, 
and stress resistance.

Overall, these findings suggest that the application of 
biochar and Trichoderma not only mitigates the toxic 
effects of Cd but also enhances soil microbial functions 
that are essential for sustainable soil health and plant 
productivity. The integration of microbial ecology theory 
in this study provides insights into the mechanisms by 
which biochar stabilizes heavy metals, supports micro-
bial-mediated nutrient transformations, and strengthens 
plant–microbe interactions in Cd-contaminated soils. 
This comprehensive approach highlights the potential of 
biochar-microbial combinations as a sustainable remedi-
ation strategy for heavy metal-polluted agricultural lands.

5 � Potential applications of biochar‑microbial 
remediation

In addition to the biological and physiological improve-
ments observed in this study, it is essential to assess 
the practical feasibility and economic viability of the 
proposed remediation strategy. The results clearly 
demonstrate that the co-application of biochar and 
Trichoderma significantly improves plant physiological 

performance, soil enzymatic activity, and micro-
bial diversity under cadmium stress. Specifically, the 
G1C2 treatment (biochar + microorganisms) resulted 
in marked enhancements in photosynthetic efficiency, 
with Pmax increasing by 86.84%, alongside substan-
tial gains in dry matter accumulation—more than 
double that observed in the cadmium-only treatment 
group (G1C0). Furthermore, cadmium accumulation 
in tobacco tissues was notably reduced. These findings 
indicate that the synergistic treatment outperforms 
both biochar alone (G1C1) and untreated controls, 
confirming its high efficacy in restoring soil quality 
and promoting plant health in cadmium-contaminated 
environments.

Beyond performance, the cost estimation of this 
approach also supports its practical relevance. Bio-
char production costs are influenced by feedstock type, 
pyrolysis conditions, and production scale. When using 
peanut shells (an abundant agricultural residue), the esti-
mated cost breakdown includes a raw material cost of 
approximately 220–260 CNY/ton, an operational cost 
of 180–200 CNY/ton, and a selling price in the range of 
830–1020 CNY/ton. The microbial inoculant (Tricho-
derma spp.) used in this study was produced by the 

Fig. 11  Mechanism of biochar and microbial combination to reduce Cd stress. The black solid triangle represents biochar, and colorful cells 
represent soil microorganisms
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Henan Biochar Engineering Technology Research Center. 
While precise costs are not publicly disclosed, Tricho-
derma-based products are typically affordable due to 
low cultivation and formulation costs, particularly when 
scaled up for agricultural applications.

Compared to conventional remediation techniques 
such as chemical leaching, soil excavation, or phytore-
mediation, the biochar–microbial synergy offers a more 
sustainable and cost-effective alternative. It allows for in-
situ treatment, avoiding soil removal and reducing labor 
and transportation costs. This method not only limits 
the environmental footprint associated with remedia-
tion activities but also enhances long-term soil fertility, 
microbial balance, and plant resilience. Conventional 
methods, though sometimes faster in effect, are often 
cost-prohibitive, disruptive to soil structure, and unsus-
tainable for large-scale agricultural use. In contrast, the 
biochar–microbial strategy integrates well into exist-
ing farming systems with minimal disruption, making 
it a highly adaptable solution for long-term soil health 
restoration.

The combined use of biochar and microbial agents thus 
presents a promising strategy for remediating Cd-con-
taminated soils, offering both environmental and agricul-
tural benefits. This approach can be applied in farmlands 
affected by heavy metal pollution, particularly in regions 
where Cd contamination poses a risk to food security 
and agricultural sustainability. The ability of biochar 
to immobilize Cd, enhance soil fertility, and promote 
microbial diversity makes it a valuable tool for restoring 
contaminated soil ecosystems. Furthermore, microbial 
agents such as Trichoderma contribute to metal detoxifi-
cation, plant stress resistance, and soil microbial balance, 
further enhancing the efficiency of remediation (Altaf 
et al. 2024). These combined effects not only reduce Cd 
bioavailability in the soil but also help protect crops from 
heavy metal stress, ensuring improved plant growth and 
productivity in contaminated environments. Compared 
to conventional remediation techniques, such as chemi-
cal soil washing or excavation, biochar-based strategies 
are more sustainable, environmentally friendly, and com-
patible with agricultural systems. Moreover, this method 
does not require the removal of contaminated soil, mak-
ing it a practical in-situ approach that can be integrated 
into existing agricultural practices with minimal disrup-
tion to farming activities.

From an economic perspective, the use of biochar 
derived from agricultural waste offers a cost-effective 
solution for soil remediation. Since biochar can be pro-
duced from crop residues, wood chips, and animal 
manure, its widespread availability reduces depend-
ence on expensive soil amendments (Patel and Panwar 
2024). Additionally, microbial agents, while requiring 

initial investment, offer long-term benefits by enhancing 
soil microbial ecosystems, reducing fertilizer depend-
ency, and improving crop yields (Tripathi et  al. 2020). 
To ensure large-scale implementation, future research 
should focus on cost–benefit analyses, optimization of 
biochar-microbial formulations, and regulatory frame-
works to support its adoption.

6 � Conclusion
The presence of Cd has been found to impede growth, 
reduce leaf photosynthesis, and hinder dry matter aggre-
gation throughout the tobacco growth cycle. Cd con-
centration in tobacco leaves is the highest during the 
pre-growth stage, while it becomes more concentrated 
in the roots during the intermediate and final stages. 
This study shows that  the combination of biochar and 
microbes enhances tobacco growth, effectively reduces 
Cd accumulation, and limits its translocation within the 
plant. Beyond its detrimental effects on plant physiol-
ogy, Cd contamination significantly disrupts soil health 
by inhibiting soil urease and catalase performance, 
decreasing the amounts of soil microorganisms, carbon 
and nitrogen, diminishing soil microbial diversity and 
community richness, and altering the soil flora struc-
ture. Consequently, the abundance of dominant bacteria 
such as Mucoromycota, Chaetomium, and Bacillus was 
reduced.

The application of biochar alleviates these negative 
effects by enhancing tobacco’s physiological resilience 
to Cd stress and mitigating its impact on soil quality. 
Biochar also improves soil enzymatic activity, carbon 
and nitrogen composition in microbial biomass, and 
soil microbial diversity. Applying biochar also promotes 
the growth of beneficial microorganisms such as Gem-
matimonadota and Firmicutes, which help maintain 
soil health and productivity. In addition to biochar’s 
role, microbial agents play a crucial role in inhibiting 
Cd uptake by tobacco. Trichoderma contribute to Cd 
immobilization by producing organic acids, extracel-
lular enzymes, and biofilms that bind Cd ions, reducing 
their bioavailability and uptake by plant roots. Microbial 
activity also improves soil aggregation and nutrient avail-
ability, creating a more favorable environment for plant 
growth under Cd stress.

The present study highlights the potential of biochar 
and Trichoderma for enhancing soil and plant quality 
under Cd pollution. Notably, biochar has certain desorp-
tion properties, which warrant further investigation into 
biochar and Cd migration and infiltration behavior under 
surface runoff, such as irrigation and rainfall. Further-
more, it is crucial to consider the interaction mechanism 
and environmental ecological consequences of biochar 
and Cd in the water and the interface between soil and 
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surroundings from the perspective of soil microorgan-
isms. Consequently, additional research is needed to 
uncover these aspects and comprehensively understand 
the potential benefits and drawbacks of biochar and fun-
gal agents for soil and plant health under adverse envi-
ronmental conditions.
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