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Excessive Cd accumulation in soil reduces the production of numerous plants,
such as Sophora tonkinensis Gagnep., which is an important and widely cultivated
medicinal plant whose roots and rhizomes are used in traditional Chinese
medicine. Applying a mixture of biochar and organic fertilizers improved the
overall health of the Cd-contaminated soil and increased the yield and quality of
Sophora. However, the underlying mechanism between this mixed fertilization
and the improvement of the yield and quality of Sophora remains uncovered.
This study investigated the effect of biochar and organic fertilizer application (BO,
biochar to organic fertilizer ratio of 1:2) on the growth of Sophora cultivated in
Cd-contaminated soil. BO significantly reduced the total Cd content (TCd) in
the Sophora rhizosphere soil and increased the soil water content, overall soil
nutrient levels, and enzyme activities in the soil. Additionally, the a diversity of the
soil bacterial community had been significantly improved after BO treatment. Soil
pH, total Cd content, total carbon content, and dissolved organic carbon were
the main reasons for the fluctuation of the bacterial dominant species. Further
investigation demonstrated that the abundance of variable microorganisms,
including Acidobacteria, Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi,
Gemmatimonadetes, Patescibacteria, Armatimonadetes, Subgroups_ 6, Bacillus
and Bacillus_ Acidiceler, was also significantly changed in Cd-contaminated
soil. All these alterations could contribute to the reduction of the Cd content
and, thus, the increase of the biomass and the content of the main secondary
metabolites (matrine and oxymatrine) in Sophora. Our research demonstrated that
the co-application of biochar and organic fertilizer has the potential to enhance
soil health and increase the productivity and quality of plants by regulating the
microorganisms in Cd-contaminated soil.
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biochar and organic fertilizer, cadmium-contaminated soil, Sophora tonkinensis,
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1 Introduction

Cadmium (Cd) is a toxic heavy metal widely present at low
concentrations in natural environments (Li et al., 2012; Ming et al.,
2018). In recent decades, the contamination of agricultural soils with
Cd has escalated due to various factors, such as mining and other
industrial activities, phosphate fertilization, fossil fuel combustion,
and so on (Todd et al., 2018; Wei and Yan, 2023). Even though Cd
content in the soil is very low, continuous low levels of Cd exposure
can also lead to excessive Cd accumulation in plants (Wei and Yan,
2023). Most importantly, this non-degradable heavy metal gets
transmitted to humans along the food chain (Nagajyoti et al., 2010;
Wu et al,, 2019; Bai et al., 2023). Even at minimal levels of exposure,
Cd can induce kidney and skeletal diseases, cardiac metabolic
dysfunction, cancer, and mortality in humans (Menahem et al., 2018;
Hui et al., 2019; Rachael et al., 2019). Additionally, excessive Cd
accumulation in the soil can disrupt the metabolic processes of plants
(Meghan etal.,, 2017; Zhu et al., 2020), such as protein synthesis (Lian
etal, 2015; Sha et al., 2019), nitrogen and carbohydrate metabolism
(Huang et al., 2020; Zhu et al., 2022; Cao et al., 2023), enzyme
activation (Chmielowska and Deckert, 2012; Lian et al., 2018;
AlHugqail et al., 2023), photosynthesis, and chlorophyll synthesis
(Abeer et al., 2016; Raletsena et al., 2022; Tungctiirk et al., 2023),
leading to abnormal plant growth and metabolism and ultimately
mortality (Mohammadhossein et al., 2019; Li et al., 2023). Therefore,
reducing Cd concentrations in agricultural soils is crucial for
sustainable agriculture and human health.

Sophora tonkinensis Gagnep. is a leguminous shrub widely
distributed in China, South Korea, and Vietnam and is well-known
for its commercial and medicinal applications (Hao et al., 2019). In
China, the desiccated roots and rhizomes of Sophora are commonly
known as “Shan-Dou-Gen” and have been included in the Chinese
Pharmacopoeia (Ying et al, 2020). Sophora has been used in
traditional Chinese medicine (TCM) to treat various ailments,
including tumors, abdominal pain, fever, throat inflammation,
asthma, dermatitis, and gastrointestinal bleeding (Rui et al., 2020; Nan
etal, 2021; Xia et al., 2022). However, the wild reserves of Sophora are
currently at risk due to excessive harvesting driven by growing market
demand and habitat deterioration in natural areas. Thus, artificial
cultivation has emerged as the primary means of sourcing Sophora for
medicinal purposes; however, it is still unable to meet market demand
(Shaza et al, 2019). Moreover, Sophora fields are frequently
contaminated with Cd, which reduces soil health and increases Cd
accumulation in plants.

Biochar is an inexpensive and effective physical material for
contaminated soil remediation. Biochar is a solid material produced
through high-temperature biomass pyrolysis in an environment devoid
of oxygen (Yang L. et al,, 2020; Yang Y. W. et al,, 2020). It has a high
carbon content and is frequently employed for remediating soil
contaminated with heavy metals due to its complementary functional
groups, high specific surface area, and high cation exchange capacity
(Tan et al.,, 2015; Li et al., 2017; Sheng et al., 2020; Yang L. et al., 2020;
Yang Y. W. et al., 2020; Li et al., 2022). Biochar can also increase soil
enzyme and bacterial activities (Muhammad et al., 2018; Effrey et al.,
2019; Shen etal,, 2019; Wan et al., 2023; Xiao et al., 2023). However, long-
term single-use of biochar can also have drawbacks, such as reducing the
effectiveness of plant nitrogen (Bo et al., 2023; Wang et al., 2023; Zhang
C. et al,, 2023; Zhang N. H. et al,, 2023; Zhang X. et al., 2023; Zhang
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7. etal, 2023; Zheng K. et al., 2023; Li et al., 2024). In practice, biochar
is commonly used with supplemental nutrients, such as organic fertilizer,
to enhance soil quality, mitigate heavy metal stress, and increase crop
productivity (Muhammad et al., 2017; Saeed et al., 2021). Notably, this
fertilization method is often accompanied by changes in the soil bacterial
community (Wei et al., 2020; Liu et al., 2022; Wen et al., 2023). However,
to date, the alterations and effects of the soil bacterial community in most
soil remediation processes are still poorly understood.

In the present study, we investigate the effects of a mixture of
biochar and organic fertilizer applications on Sophora rhizosphere soil
quality, Sophora growth and Cd accumulation, and the Sophora
rhizosphere bacterial community by conducting a field-controlled
experiment. We analyzed the correlation between microbial species
changes and soil physicochemical factors and between species and
Sophora yield and quality. Our study will not only help to reduce Cd
contamination on soil and plants but also have positive implications
in explaining the mechanism of soil remediation.

2 Materials and methods

2.1 Study site

The experiment was conducted in a Sophora tonkinensis field in
Jinchengjiang District, Hechi City, Guangxi Zhuang Autonomous
Region, China (108°001 E, 24°427N, altitude 207 m). The site is
adjacent to a non-ferrous metal smeltery and was contaminated with
Cd. The area has a subtropical monsoon climate, with an average
sunshine of 1350.9h, average precipitation of 3541.36 mm, and a soil
pH of 5.52. The majority of rainfall occurs between May and August,
while the average high and low temperatures are 26°C and 18°C,
respectively.

2.2 Preparation of a biochar and organic
fertilizer mixture

Biochar (carbonized rice straw) was purchased (Shanghai Puzhi
Environmental Technology Co., Ltd., China). It was prepared by
continuously carbonizing rice straw at a pyrolysis temperature of
400°C for 30 min. The biochar has a microporous specific surface area
of 62.637 m?/g, a pore size of 5.012nm, a pore capacity of 0.076 cm*/g,
total nitrogen of 0.76%, total carbon of 22.64%, total hydrogen of
1.18%, total oxygen of 10.46%, and total sulfur of 0.25%. The organic
fertilizer used in the experiment was chicken manure (purchased from
Hebei Dewuoduo Fertilizer Co., Ltd., China). It has an organic matter
content of 60%, total nitrogen content of 1.6%, a phosphorus
pentoxide (P,Os) content of 4.5%, a potassium oxide (K,O) content of
3%, and a pH of 6.6. The soil amendment required for the experiment
was prepared by thoroughly mixing biochar and organic fertilizer at a
ratio of 1:2.

2.3 Experimental design and
implementation

In the present study, the soil contaminated with the heavy metal
Cd is referred to as the HM group; the fields cultivated with Sophora
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in the HM are referred to as the FS group; and a combination of
biochar and organic fertilizer application at a ratio of 1:2 on the
Sophora fields in the Cd-contaminated soil is referred to as the BO
group. The experimental period lasted for 14 months. In the FS
treatment, Sophora was sown in March 2021 on an area of
approximately 0.02ha, maintaining a planting density of 64,800
plants/ha, a row spacing of 45 cm, and a plant spacing of 40 cm; the
harvesting was done in May 2022. The other field management
measures, except for fertilization, were the same as the traditional
farming methods in the area. The measures in the BO treatment
were the same as those in the FS treatment. Besides, in BO, a
mixture of biochar and organic fertilizer was applied as a base
fertilizer before planting Sophora at a fertilization rate of 420 kg/ha;
147kg/ha of the fertilizer was applied as topdressing in
November 2021.

2.4 Soil and plant sampling

During the harvesting period in May 2022, a random sampling
method was used to collect the soil samples from each sampling site.
First, the topsoil at a depth of 0~5cm was removed with a shovel.
Then, the soil sample for the HM treatment was collected from the
layer 5~20cm below the soil surface. The whole Sophora plant was
dug out of the soil in the FS and BO treatments without damaging
the roots. The soil blocks loosely attached to the roots was shaked off
and discarded, and then the soil tightly attached to the roots was
collected using a brush. After drying, the soil was used to measure its
physical and chemical properties. The Sophora plants were then
placed in a bag and taken to the laboratory. The roots, stems, and
leaves were separated, dried in an oven at a constant temperature, and
crushed with a grinder to obtain a fine powder; this powder was then
passed through a 0.15 mm sieve. The remaining soil from the roots of
Sophora was also collected and divided into two parts; one was stored
in a—80°C freezer for measuring enzyme activity, and the other was
stored in a— 80°C freezer for DNA extraction.

2.5 Analysis of soil physicochemical
properties, plant properties, and Cd
content

Soil pH was measured using a pH meter (Reze PHS-3E pH
measuring instrument, China), and soil total carbon content was
measured using an element analyzer (Elemental Vario EL Cube,
Germany). Soil organic matter content was measured using a
potassium dichromate volumetric method, soil alkaline nitrogen
content was measured using an alkaline hydrolysis diffusion method,
soil available potassium content was measured using an ammonium
acetate extraction flame photometric method (Liu et al., 2021), soil Cd
content was measured using an inductively coupled plasma mass
spectrometry analyzer (Muhammad et al., 2018), and soil bulk density
and water content were measured using a cutting ring method (Sun
etal., 2022). Soil enzyme activity was measured using the method by
Ibrahim and Md (Ibrahim et al., 2020; Md et al., 2020). The Cd content
of plants was determined by inductively coupled plasma mass
spectrometry, while matrine and oxymatrine content was measured
by the HPLC method (Thang et al., 2022).
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2.6 Analysis of soil bacterial diversity

Bacterial genomic DNA was extracted from the soil samples using
the HiPure Soil DNA Kit (Magen, China), and the V3-V4 region was
amplified by PCR using bacterial primers 341F (5-CCTACG
GGNGGCGWGCAG-3") and 806R (5-GACTACHVGGGTATCT
AAT-3"). PCR was carried out in a 50-pL reaction volume using
TransGen High-Fidelity PCR SuperMix (TransGen Biotech, China),
forward and reverse primers (0.2 umol/L), and template DNA (5ng).
The obtained amplicons were evaluated on 2% agarose gels and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, United States) according to the manufacturer’s
instructions. Further, sequencing libraries were generated from these
amplicons using the SMRTbell TM Template Prep Kit (PacBio,
United States). Library quality was assessed with a Qubit 3.0
fluorometer (Thermo Fisher Scientific, United States) and a FEMTO
pulse system (Agilent Technologies, United States). Finally, the
libraries were sequenced on the PacBio Sequel platform. The raw reads
were deposited in the NCBI Sequence Read Archive (SRA) database
(accession number: PRINA1025955).

In addition, the raw reads were quality filtered by removing the
reads containing more than 10% unknown nucleotides (N) and reads
containing less than 50% bases with a mass (Q value) greater than 20
using FASTP (version 0.18.0) (Chen et al., 2018). The paired-end clean
reads were merged as raw tags using FLASH (version 1.2.11) (Mago¢
and Salzberg, 2011) with a minimum overlap of 10bp and a mismatch
error rate of 2%. Quality filtering of the raw tags was performed under
specific filtering conditions to obtain high-quality, clean tags. The
filtering conditions were set as follows: (1) the raw tags from the first
low-quality base site where the number of bases in the continuous
low-quality value (the default quality threshold is <3) reached the set
length (the default length is 3bp) were broken; (2) then, the tags
whose continuous high-quality base length was less than 75% of the
tag length were filtered. The clean tags were clustered into operational
taxonomic units (OTUs) with >97% similarity using the UPARSE
pipeline (version 9.2.64) (Edgar, 2013). All chimeric tags were
removed using the UCHIME algorithm (Edgar, 2013), and the
obtained effective tags were used for further analysis. The tag sequence
with the highest abundance was selected as the representative
sequence within each cluster. Then, paired-end denoised reads were
merged as raw ASVs (amplicon sequence variants) with a minimum
overlap of 12bp. Chimera sequences were identified and deleted using
the UCHIME algorithm (Edgar, 2011). After chimera removal, the
denoised, chimera-free ASV sequences and their abundances
were output.

2.7 Statistical analysis

Excel 2019 and IBM SPSS Statistics 22 were used to analyze the
experimental data, and Excel 2019 was used to plot the graphs. One-way
analysis of variance (ANOVA), two-tailed Duncans test, and Tukey’s
HSD test (p<0.05) were used to evaluate the significant differences
between treatment means. The Shannon, Simpson, and Pielou’s
evenness indexes were calculated in QIIME (version 1.9.1) (Wang, 2007;
Caporaso, 2010; Nilsson et al., 2018). The alpha-diversity indices of the
different treatments were compared by performing Tukey’s HSD test in
the R package Vegan (version 2.5.3) (Vegan, Community Ecology
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Package, 2010). Principal component analysis (PCA) was performed
using the R package Vegan (Vegan, Community Ecology Package,
2010). Statistical analysis of the Adonis test (based on PERMANOVA)
was calculated in the R package Vegan (Vegan, Community Ecology
Package, 2010). Venn analysis was performed using the Venn diagram
package in R (version 1.6.16). Species between groups were compared
by multiple comparisons based on Tukey’s HSD in the R package Vegan
(Vegan, Community Ecology Package, 2010). Biomarker features in
each group were screened using LEfSe software (version 1.0) (Caporaso,
2010). Redundancy analysis (RDA) and the Envfit test were executed in
the Vegan package (Vegan, Community Ecology Package, 2010) to
clarify the influence of environmental factors on community
composition. The Pearson correlation coefficient between environmental
factors and species was calculated using the Psych package in R (version
1.8.4) (The Comprehensive R Archive Network, 2015). A network based
on the Pearson correlation coefficient was generated using Omicsmart,
a dynamic, real-time interactive online platform for data analysis."

3 Results
3.1 Soil physicochemical properties

We first evaluated the physical and chemical characteristics of the
soils after the application of the biochar and organic fertilizer mixture.
Compared with FS, BO treatment resulted in a significant increase in
pH, soil moisture content (SMC), total carbon content (TC), dissolved
organic carbon content (DOC), organic matter content (OM), soil
alkali-N content (AN), and available potassium content (AK) (17.42,
20.81, 183.88, 78.61, 75.04, 53.42, 150.77%,
Figures 1A-G). Compared to FS, BO treatment also resulted in a
significant increase in SMC, TC, DOC, OM, AN, and AK (17.54,
88.94,71.44, 83.91, 46.79, and 73.17%, respectively, Figures 1B-G). In
addition, BO treatment significantly reduced soil total Cd content
(TCd, 56.37%) and soil bulk density (BD, 25.79%) (Figures 1H,I). The
cultivation of Sophora plants also partially remediated soil Cd

respectively;

contamination. Compared to HM, the FS treatment decreased soil
TCd by 16.42% and increased TC and AK by 50.25 and 44.81%,
respectively (Figures 1H,I). All the differences observed in this
experiment were statistically significant (p <0.05; Figure 1).

3.2 Soil enzyme activity

To gain additional insight into the effects of biochar and organic
fertilizer mixture applications on soil health, we assessed the soil
enzyme activity. Compared with HM, BO treatment increased the
activity of catalase, polyphenol oxidase, and p-glucosidase by 50.75,
68.11, and 233.94%, respectively (Table 1). Similarly, compared with
FS, BO treatment increased catalase activity, polyphenol oxidase
activity, and p-glucosidase activity by 41.24, 50.37, and 207.41%,
respectively (Table 1). All the differences observed in this experiment
were statistically significant (p<0.05). However, there was no
significant difference in cellulase activity among the three groups.

1 http://www.omicsmart.com
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3.3 Growth parameters and Cd content of
Sophora

Analysis of Sophora growth parameters revealed that the
mixed application of biochar and organic fertilizer increased
Sophora main root length, aboveground dry biomass, and dry root
biomass by 49.02%, 34.23%, and 28.78%, respectively, but
decreased plant desiccation rate by 8.86% (Table 2). All the
differences observed in this experiment were statistically
significant (p <0.05; Table 2).

The study also investigated the effect of mixed fertilization on the
Cd accumulation in different parts of Sophora. Compared with FS,
BO treatment decreased the Cd content in the roots, stems, and
leaves by 32.35%, 27.97%, and 35.64%, respectively (p<0.05;
Table 3).

3.4 Matrine and oxymatrine content of
Sophora

We also determined the content of matrine and oxymatrine in
Sophora. Compared with those of FS, the levels of matrine and
oxymatrine in Sophora under BO treatment increased by 216.13% and
108.83%, respectively (p <0.05; Figure 2).

3.5 Changes in a-diversity of soil bacteria
under different treatments

The study investigated the o-diversity of soil bacteria in
Cd-contaminated soil after BO treatment. We analyzed the Shannon,
Simpson, and Pielou indices to evaluate the diversity of the bacterial
community. The results indicated that the Shannon index and Pielou
index of soil bacteria in the BO group were significantly higher
(p<0.05; 3.08 and 2.37%, respectively) than those in the FS group
(Figures 3A,C). However, no significant difference in the Simpson
index was observed between the two groups (Figure 3B). Compared
with HM, the FS treatment increased the Shannon, Simpson, and
Pielou indices by 4.70, 0.98%, and 5.41, respectively (p<0.05;
Figures 3A-C). Meanwhile, the Shannon, Simpson, and Pielou indices
of the BO group were 7.92%, 1.12%, and 7.91% higher than those of the
HM group, respectively, and the differences were significant (p <0.05;
Figure 3).

3.6 Changes in p-diversity of soil bacteria
under different treatments

Furthermore, both PCA and Adonis analyses based on the
weighted Unifrac distance at the OTU level were performed to examine
the overall structural differences in the soil bacterial community under
different treatments. PCA divided the bacterial communities into three
groups (HM, FS, and BO) (Figure 4A). Compared with HM, the
Adonis test (PERMANOVA) showed significant alterations in the
structure of the soil bacterial community under FS and BO treatments
(R*=0.8856, p=0.006) (Figure 4B). In addition, the dissimilarities
between the HM, FS, and BO groups were more pronounced than the
dissimilarities within each group (Figure 4B).
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FIGURE 1
Soil physicochemical properties. (A) soil pH; (B) soil moisture content (SMC); (C) soil total carbon content (TC); (D) soil dissolved organic carbon
content (DOC); (E) soil organic matter content (OM); (F) soil alkali-N content (AN); (G) soil available potassium (AK); (H) soil total cadmium content
(TCd); (1) soil bulk density content BD. Data are presented as mean + standard deviation, n = 6. Different lowercase letters indicate significant
differences among treatments (ANOVA); differences were considered significant at p <0.05.

TABLE 1 Soil enzyme activity in Sophora fields under different treatments.

Treatments Catalase Polyphenol oxidase B-Glucosidase Cellulase

(mmol/d/g) (mmolL/h/g) (pmolL/d/qg) (mg/d/g)
HM 41.79+4.50° 0.32+0.05" 5.23+2.53" 18.44+2.51™
FS 44.61+6.67° 0.36+0.03° 5.68+0.89" 18.73+4.16™
BO 63.01+8.80° 0.54+0.14° 17.45+1.68 24434573

All data are presented as mean + standard deviation. Different letters in the same column indicate significant differences (ANOVA) between treatments at p <0.05; ns, p>0.05 (1=6).

one distinct phylum, the BO group had two unique phyla, and the HM
group had no unique bacterial phyla. Furthermore, 221 identical soil
bacterial genera were observed among the three groups (Figure 5B).
In total, 52, 45, and 48 unique genera were found in the HM, FS, and

3.7 Analysis of bacterial community
composition

In order to understand the impact of BO treatment on the species
distribution of the bacterial community, further analysis was
conducted. As shown in Figure 5A, there were 25 identical soil
bacterial phyla among the HM, FS, and BO groups. The FS group had

BO, respectively.
Analysis based on species distribution revealed that the soil
bacterial community encompassed 34 phyla, 274 families, and 428
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TABLE 2 Growth parameters and drying rate of Sophora under different treatments.

Treatments Main root length

Aboveground dry

Dry root biomass

Plant drying rate (%)

(cm) biomass (g) (9)
FS 15.30+£3.70%* 10.15+ 1.66%* 6.05+1.50%* 30.59+3.63™
BO 22.80+4.70 13.47+2.52 7.79+0.95 27.88+4.49

#, p<0.05; ns, p>0.05 (ANOVA) (n=6).

TABLE 3 Effect of biochar and organic fertilizer combination on the
cadmium content in the roots, stems, and leaves of Sophora.

Cd content (ug/g)

Treatments

Stem Leaves
FS 568.75 +83.24% 153.32+45.2% 140.23 +35.05%
BO 384.79+79.83 110.44 +34.06 90.25+18.76

*, p<0.05; s, p>0.05 (ANOVA) (n=6).

genera. The top ten dominant bacterial phyla, ranked by relative
abundance, were Proteobacteria (18.46%), Acidobacteria (16.08%),
Firmicutes (12.58%), Actinobacteria (10.66%), Bacteroidetes (7.44%),
Verrucomicrobia (7.20%), Chloroflexi (4.93%), Planctomycetes
(5.44%), Gemmatimonadetes (5.28%), and Patescibacteria (2.78%).
Collectively, these bacterial phyla accounted for over 90% of all
sequences (Figure 5C). Similarly, the top ten dominant genera, based
on the relative abundance, were Bacillus (9.11%), Candidatus
Udaeobater (4.31%), RB41 (3.38%), Sphingomonas (1.96%),
Gemmatimonas (1.88%), Bryobater (1.91%), Streptomyces (1.61%),
Flavobacterium (0.92%), Paenibacillus (0.83%), and Flaviobacterium
(1.05%); these bacterial genera account for more than 26.96% of all
sequences (Figure 5D).

Among the aforementioned bacterial phyla, compared to FS, BO
treatment resulted in a substantial increase in the relative abundance
of Bacteroidetes, Chloroflexi, and Patescibacteria in the rhizosphere
soil of Sophora. Conversely, a significant decrease in the relative
abundance of Proteobacteria, Firmicutes, and Verrucomicrobia was
detected in the rhizosphere soil. Compared to HM, the FS treatment
increased the relative abundance of Verrucomicrobia, Chloroflexi, and
Gemmatimonadetes, but decreased that of Firmicutes and
Bacteroidetes. In comparison to HM, BO treatment significantly
increased the relative abundance of Acidobacteria, Verrucomicrobia,
Chloroflexi, Planctomycetes, Gemmatimonadetes, and Patescibacteria
that
(Supplementary Table SI1). Among the aforementioned bacterial

but decreased of Proteobacteria and Firmicutes
genera, compared to FS, BO treatment resulted in a significant
increase in the relative abundance of RB41, Flavisolibacter,
Gemmatimonas, Bryobacter, and Sphingomonas in the rhizosphere soil
of Sophora. Conversely, a significant decrease in the relative abundance
of Flavobacterium, Streptomyces, Candidatus_Udaeobacter, and
Bacillus was detected in the rhizosphere soil. Compared to HM, the
FS treatment significantly increased the relative abundance of
Candidatus_Udaeobacter, RB41, Sphingomonas, Bryobacter, and
Candidatus_Solibacter, but significantly reduced that of Bacillus,
Gemmatimonas, and Flavobacterium. In comparison to HM, BO
treatment significantly increased the relative abundance of
Candidatus_Udaeobacter, RB41,
Gemmatimonas, Candidatus_Solibacter, and Flavisolibacter, but

Sphingomonas,  Bryobacter,

significantly decreased that of Bacillus, Streptomyces, and

Flavobacterium (Supplementary Table S2).
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LEfSe analysis was performed to determine the differences in soil
bacteria among the three groups. Firmicutes phylum, Subgroup_6
class, Bacilli class, Actinobacteria class, Streptomycetales order,
Bacillales order, Bacillaceae family, Streptomycetaceae family, Bacillus
genus, and Bacillus_acidiceler species were significantly enriched in
the HM group (Figure 6A). Verrucomicrobia phylum, Proteobacteria
phylum,  Verrucomicrobiae  class,  Acidobacteriia  class,
Chthoniobacterales order, Acidobacteriaes order, Chthoniobacteraceae
family, and Candidatus_Udaeobacter genus were significantly enriched
in the FS group (Figure 6A). In addition, 20 dominant species were
significantly enriched in the BO group, including Gemmatimonadetes
phylum, Chloroflexi phylum, Patescibacteria phylum, Blastocatellia_
Subgroup_4 class, Gemmatimonadetes class, Chloroflexia class,
Pyrinomonadales order, Nostocales order, Solibacterales order,
Gemmatimonadales order, Chloroflexales order, Chitinophagales
order, Pyrinomonadaceae family, Solibacteraceae_Subgroup_3 family,
Gemmatimonadaceae family, Roseiflexaceae family, Phormidiaceae
family, Tychonema_CCAP_1459_11B genus, Pyrinomonadaceae, RB41
genus, and Gemmatimonas genus (Figure 6A). In total, 38 evolutionary
branches of soil bacteria showed significant differences (LDA >4)

(Figure 6B).

3.8 Relationships between bacterial
communities and environmental factors

Furthermore, redundancy analysis (RDA) was conducted to
elucidate the associations between the dominant bacterial groups and
various environmental factors, including pH, SMC, TC, TCd, DOC,
AN, BD, and AK. The environmental variables accounted for 98.47%
of the variation in OTU abundance in the bacterial communities.
Except for SMC and BD, other environmental factors were
significantly correlated with changes in bacteria. Soil TCd, DOC, and
TC were the main driving factors for bacterial community diversity.
TCd was negatively correlated with pH. These findings indicated that
the alterations in soil physicochemical properties significantly
influenced the composition of soil bacterial communities (Figure 7A).
In addition, to analyze the impact of each environmental factor on
microbial community changes, we conducted a variance partitioning
analysis (VPA) (Figure 7B). The ranking of environmental factors
based on their contribution from large to small is as follows:
pH>TCd>DOC > BD>AK>TC>AN > SMC (Figure 7B).

3.9 Bacterial network analysis

The study also conducted network analysis based on
environmental factors and species. As shown in Figure 7C, all
environmental factors had an impact on the bacterial network, except
for pH, SMC, and BD. The analysis revealed noteworthy correlations
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Matrine and oxymatrine content of Sophora. Data are presented as mean + standard deviation. (A) matrine content; (B) oxymatrine content. Different
lowercase letters indicate significant differences between treatments (ANOVA) #p < 0.05; *#p < 0.01; **#p<0.001, n = 6.
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between DOC and eight species, with one exhibiting a negative
correlation (Terrimonas) and seven displaying positive correlations
(Marmoricola, Pajaroellobacter, FFCH7168, JGI_0001001-HO03,
Solirubtobacter, Tychonema_CCAP_145911B, and Segetibacter). TC
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exhibited significant correlations with seven dominant species, with
two showing negative correlations (Wolbachia and Streptomyces) and
five showing positive correlations (Segetibacter, Ellin6067, Bryobacter,
Gemmatimonas, and Conexibacter). Furthermore, significant
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correlations were observed between TCd and three dominant species
(Solirubtobacter, Flavisolibacter, and Blastocatella), all of which
exhibited negative correlations. A negative correlation was also
detected between OM content and JGI_0001001-H03. A negative
correlation was also observed between AN and Streptomyces.
Additionally, AK showed a positive correlation with Blastocatella.

4 Discussion

4.1 Effects of the mixed application of
biochar and organic fertilizer on soil
physicochemical properties and soil
enzyme activities

Biochar, an alkaline soil amendment that contains abundant
alkaline groups, could facilitate the transformation of dissociated Cd
to non-free states, including Cd(OH),, Cd;(PO,),, and CdCO; (Liu
etal, 2011; Udosen et al., 2016; Lee et al., 2022). Recent research has
shown that biochar is a cost-effective and environmentally friendly
additive for stabilizing and remediating heavy metal-contaminated
soils (Yang L. et al., 2020; Yang Y. W. et al.,, 2020; Sun et al., 2022). A
mixture of biochar and organic fertilizer can effectively address issues
of soil heavy metal pollution, nutrient imbalance, and growth
inhibition of Mentha crispa L. (Jiang et al., 2022; Ghassemi and
Farhangi, 2023), purslane (Han et al.,, 2022), alfalfa (Kareem et al.,
2022), and rapeseed (Zhang C. et al., 2023; Zhang N. H. et al., 2023;
Zhang X. et al., 2023; Zhang Z. et al., 2023; Zhang K. et al., 2023).
We also found that the mixed application of biochar and organic
fertilizer reduced both TCd in Sophora fields and Cd content in
Sophora (Figures 1A,H; Table 3). Based on previous research, these
outcomes could be attributed to two underlying factors. First, biochar
has a notable adsorption capacity for Cd (Lian et al., 2015; Muhammad
et al,, 2018). Second, incorporating biochar-organic fertilizer could
increase the soil pH and organic functional group content, facilitating
Cd precipitation (Tan et al., 2015; Li et al, 2017; Muhammad et al.,
2018, 2019; Zhu et al., 2020; Li et al., 2022). We also found that mixed
fertilization had a significant impact on soil physicochemical
properties and nutrient levels (Figures 1 C-G). These could be ascribed
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to the direct release of nutrients from organic fertilizers and biochar
(Hussain et al., 2023). Furthermore, the improvements in available soil
nutrients could be attributed to the high alkalinity and cation
exchange capacity (CEC) of biochar (Muhammad et al., 2018; Joshi
etal, 2023; Xiao et al., 2023). Nevertheless, it is important to note that
although BO treatment mitigated Cd accumulation in Sophora tissues,
complete avoidance of Cd absorption was not achieved (Table 3).

Typically, the activities of diverse soil enzymes, which are crucial
for facilitating the circulation of matter and energy in the soil, are
valuable indicators of soil health (Yao et al., 2018; Chow and Pan,
2020; Yan et al., 2022; Joshi et al., 2023). Compared with the HM and
FS groups, BO treatment significantly induced the activities of
multiple soil enzymes, including catalase, polyphenol oxidase, and
fB-glucosidase (Table 1). Similar experimental results were also found
in other reports (Zheng et al., 2016).

4.2 Effects of the mixed application of
biochar and organic fertilizer on the
growth, Cd content, and matrine and
oxymatrine content of Sophora

The combined use of biochar and other soil nutrient amendments
has been proven to effectively reduce the harmful effects of Cd
pollution on plant growth and improve crop productivity (Lian et al.,
2015; Pankaj et al., 2016; Liang et al., 2023; Sifton et al., 2023). In our
study, we also observed a similar result. BO treatment significantly
reduced the Cd content in Sophora. The roots and rhizomes of
Sophora, which contain the main active ingredients (matrine and
oxymatrine), are used in traditional Chinese medicine. Consequently,
the main root length, dry root biomass, matrine, and oxymatrine
contents, which are the main indicators of Sophora productivity and
quality, were significantly improved after the mixed fertilization
(Table 2), indicating that this co-application could effectively alleviate
the inhibitory effect of Cd on the growth of Sophora. Further analysis
indicated that changes in soil physicochemical properties and
improvements in nutrient balance were mainly responsible for these
increases. Similar conclusions have also been found in other studies
(Lian et al., 2015; Sifton et al., 2023).

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1334338
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Liu et al.

4.3 Mixed fertilization may have increased
the productivity and quality of Sophora
plants by regulating the microorganisms in
Cd-contaminated soils

Soil bacterial communities are crucial for nutrient cycling, waste
decomposition, and pollutant degradation (Muhammad et al., 2019).
The presence of heavy metals not only has adverse effects on the
physical and chemical properties of soils but can also change the
composition, activity, and function of soil bacterial communities
(Delgado, 2019; Chao et al., 2023). In turn, the analysis of bacterial
community composition can be used to evaluate the effectiveness of
the remediation of Cd-contaminated soil (Hussain et al., 2023; Yan
etal., 2023).

Our findings suggested that the cultivation of Sophora plants with
the application of a biochar-organic fertilizer mixture significantly
increased the diversity of bacterial communities in Cd-contaminated
soil (Figures 5C, 6B), as reported previously (Chow and Pan, 2020;
Haider et al., 2021). This effect could be at least partially attributed to
the high nutrient content in the biochar-organic fertilizer mixture
(Haider et al., 2021). Specifically, supplementing the carbon pool
fosters a conducive microenvironment for the proliferation and
metabolic processes of soil bacteria, thereby augmenting the biomass
and diversity of soil bacteria (Haider et al., 2021; Zheng K. et al., 2023).

Numerous studies have shown a significant correlation between
the decrease in soil pH and the systematic aggregation of
Acidobacteria enhancement (Conradie and Jacobs, 2021; Xiao et al.,
2023). In the HM group, Acidobacteria, including Subgroup_6 in the
Acidobacteria taxonomic group, were significantly enriched
(Figure 6B). After BO treatment, the relative abundance of
Acidobacteria and Subgroup_6 significantly decreased (Figure 6B).
This indicates a significant negative correlation between pH increase
and therelative abundance of Acidobacteria (Supplementary Figure S1).
This change should be caused by the high alkalinity of the biochar-
organic fertilizer. In addition, Acidobacteria and Subgroup_6 were
found to have oligotrophic growth characteristics in some studies
(Anwar et al., 2013; Zheng et al., 2016). Thus, the increase in soil
nutrients induced by the BO treatment should also be the reason for
the negative correlation mentioned above. In the remediation of soils
contaminated with polycyclic aromatic hydrocarbons and heavy
metals, it was found that the relative abundance increase of
Proteobacteria would lead to better remediation effects (Kuppusamy
et al,, 2016). Under nutrient-rich conditions, Proteobacteria usually
dominate among bacterial species, with a relatively high relative
abundance (Amin, 2023). However, sometimes there are differences
(Amin, 2023). In the case of remediation of heavy metal-contaminated
soils using microbial inoculants and legumes, the increase in AN had
a significant impact on the reduction of Proteobacteria, resulting in a
decrease in soil TCd and Cd content in Robinia pseudoacacia
L. (Zheng K. et al., 2023). In our study, the relative abundance of
Proteobacteria in the BO group was also negatively correlated with the
AN (Figure 6B; Supplementary Figure S1). Additionally, the reduction
in Proteobacteria community abundance was beneficial for the
decrease in Cd content, longitudinal growth of the main root, and
accumulation of dry root biomass and oxymatrine of Sophora
(Supplementary Figure S3). Although the relative abundance of
Bacteroidetes was significantly increased in the BO treatment, it was
not significantly correlated with the indicators of soil physicochemical
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properties (Figure 5C). This may be related to the change in soil
aggregate size caused by BO (Fan et al.,, 2021; Zhang C. et al., 2023;
Zhang N. H. et al,, 2023; Zhang X. et al,, 2023; Zhang Z. et al., 2023;
Zheng K. et al., 2023). However, the increase in the relative abundance
of Bacteroidetes was beneficial for the decrease in Cd content,
longitudinal growth of the main root, and accumulation of dry root
biomass and oxymatrine in Sophora (Supplementary Figure S3).
Similar results were also found in other reports, as Bacteroidetes were
determined to be Cd-tolerant microorganisms with positive impacts
on plant growth (Lu et al., 2020; Xie et al., 2021; Pfendler et al., 2023).
Compared with those in the HM and FS groups, the relative
abundance of Firmicutes in the BO group, including Bacillus and
Bacillus_acidiceler, was significantly decreased (Figures 5, 6). As is
well known, Firmicutes, including their taxonomic groups, have a
higher relative abundance in various extreme environments
(Venkateswar and Venkata, 2012; Mukhia et al., 2022; Zuo et al.,
2023). The decrease in the relative abundance of Firmicutes was
thought to be beneficial for restoring the health of heavy metal-
contaminated soils and reducing heavy metal accumulation in crops
(Hui et al., 2020; Alsamhary, 2022; Tan et al., 2023; Yang et al., 2023).
In addition, Firmicutes, Bacillus, and Bacillus_acidiceler were
positively correlated with TCd and BD, while negatively correlated
with  pH, OM, DOC, and AK in our
(Supplementary Figures S1, S2). The decrease in the relative

study

abundance of Firmicutes and Bacillus promoted the main root length,
dry root biomass, and oxymatrine content of Sophora, which was
Sophora
(Supplementary Figures S3, S4). Moreover, the relative abundance of

beneficial for reducing Cd accumulation in
Chloroflexi increased, which was beneficial for the accumulation of
main root length, dry root biomass, oxymatrine, and matrine of
Sophora, as well as for the reduction of Cd content in roots and stems
of Sophora (Supplementary Figures S3, S4). DOC, pH, and AK are
positively correlated with the relative abundance of Chloroflexi, while
TCd and BD are significantly negatively correlated with Chloroflexi
(Supplementary Figure S1). A negative correlation between
Chloroflexi abundance and soil Cd content was also demonstrated
(Gondek et al., 2023). In addition to Chloroflexi, Gemmatimonadetes,
and Patescibacteria were also significantly enriched in the BO
treatment, which was beneficial for the reduction of TCd. Interestingly,
among all microbial species, only the proliferation of Chloroflexi and
Armatimonadetes could promote the accumulation of matrine
(Supplementary Figure S3). Whether these two microbial species
could directly or indirectly regulate the biosynthetic pathway of
matrine in Sophora or even be endophytic bacteria that produce
matrine together with Sophora needs further investigation.

In conclusion, the results showed that the combined use of biochar
and organic fertilizer in Cd-contaminated Sophora fields significantly
improved soil health, reduced Cd accumulation, and increased Sophora
yield and quality (Figure 8). This beneficial effect could be attributed to
the changes in the soil’s physicochemical properties, such as pH and soil
carbon pool, which were important in regulating the dominant bacterial
species or the entire bacterial network. In the future, it will be important
to illustrate the proportion of different forms of Cd in soil, the underlying
molecular mechanism of Cd absorption by BO treatment, the targeted
cultivation of excellent microorganisms in Cd-contaminated soil, and the
regulation mechanism of yield and quality of Sophora by rhizosphere
soil health, plant growth, and

microorganisms to balance

ecological restoration.
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FIGURE 8
BO treatment changed the health status of the Sophora rhizosphere soil and facilitated Sophora growth.

5 Conclusion

The potential value of the mixed application of biochar and
organic fertilizer to Sophora in Cd-contaminated soil was evaluated
from three aspects: soil properties, crop yield, and bacterial structure.
This fertilization method created a richer and more diverse rhizosphere
microenvironment, achieving higher Sophora yield and higher levels
of major secondary metabolites. In addition, the biochar-organic
fertilizer mixture had a significant impact on microbial communities,
including Acidobacteria, Proteobacteria, Bacteroidetes, Firmicutes,
Chloroflexi, Gemmatimonadetes, Patescibacteria, Armatimonadetes,
Subgroups_ 6, Bacillus and Bacillus_ Acidiceler. The relative changes
of these microbial communities are influenced by soil physicochemical
properties and can potentially improve the productivity and quality of
Sophora. Overall, in terms of improving the health of the
Cd-contaminated soils and increasing the yield and quality of Sophora,
this new approach is relatively effective and desirable.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

HL: Data curation, Formal analysis, Investigation, Methodology,
Resources, Writing — original draft. CL: Formal analysis, Investigation,
Methodology, Resources, Writing — original draft. YL: Resources, Validation,
Writing - original draft. Y-jC: Resources, Validation, Writing - original draft.
Z-jZ: Resources, Validation, Writing - review & editing. K-hW:
Conceptualization, Writing — review & editing. ML: Conceptualization, Data
curation, Methodology, Writing — review & editing.

Frontiers in Microbiology

11

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was funded by the National Natural Science Foundation of China
(82260747); the Natural Science Foundation of Guangxi
(2020GXNSFAA159151); Central Guiding Local Science and
Technology Development Special Project (Guike ZY20198018);
Guangxi Elite Team of Medicinal Plant Conservation (009699); and
Key Techniques Research and Promotion of Guangxi Medicinal
Materials Varieties (GZK]2314).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1334338/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1334338
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1334338/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1334338/full#supplementary-material

Liu et al.

References

Abeer, H., Abd_Allah, E. E, Algarawi, A. A., and Dilfuza, E. (2016). Bioremediation
of adverse impact of cadmium toxicity on Cassia italica Mill by arbuscular mycorrhizal
fungi. Saudi J. Biol. Sci. 23, 39-47. doi: 10.1016/j.sjbs.2015.11.007

AlHugqail, A., Alghanem, S., Abbas, K., Al, M., Masood, N., Irshad, M. A,, et al. (2023).
Evaluation of nanoceria on cadmium uptake in Triticum aestivum (L.) and its
implications for dietary health risk. Chemosphere 341:140115. doi: 10.1016/].
CHEMOSPHERE.2023.140115

Alsamhary, K. (2022). Vermi-cyanobacteria remediation of cadmium-contaminated
soil with rice husk biochar, An eco-friendly approach. Chemosphere 311:136931. doi:
10.1016/].CHEMOSPHERE.2022.136931

Amin, Z. (2023). Effects of saline water on soil properties and red radish growth in
saline soil as a function of co-applying wood chips biochar with chemical fertilizers.
BMC Plant Biol. 23:382. doi: 10.1186/5S12870-023-04397-3

Anwar, G., Upali, S., Stewart, L., Moira, D., and Stuart, L. (2013). Microbial
decomposition of leached or extracted dissolved organic carbon and nitrogen from
pasture soils. Biol. Fertil. Soils 49, 747-755. doi: 10.1007/s00374-012-0764-4

Bai, X, Li, Y,, Jing, X, Zhao, X., and Zhao, P. (2023). Response mechanisms of bacteria
communities and nitrogen cycle functional genes in millet rhizosphere soil to chromium
stress. Front. Microbiol. 14:116353. doi: 10.3389/FMICB.2023.1116535

Bo, X. N., Zhang, Z. W., Wang, J. Y,, Guo, S. M., Li, Z. T, Lin, H. Y,, et al. (2023).
Benefits and limitations of biochar for climate-smart agriculture: a review and case study
from China. Biochar 5:77. doi: 10.1007/542773-023-00279-X

Cao, R., Zhang, Y., Ju, Y., Wang, W,, Zhao, Y,, Liu, N,, et al. (2023). Exopolysaccharide-
producing bacteria enhanced Pb immobilization and influenced the microbiome
composition in rhizosphere soil of pakchoi (Brassica chinensis L.). Front. Microbiol.
14:111732. doi: 10.3389/FMICB.2023.1117312

Caporaso, J. (2010). QIIME allows analysis of high-throughput community
sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.f.303

Chao, H. S,, Jie, L., Qin, L. W,, Du, H. N., Hua, G. W,, and Tao, T. Z. (2023). Preparation
of phosphorus-modified biochar for the immobilization of heavy metals in typical lead-
zinc contaminated mining soil, performance, mechanism and microbial community.
Environ. Res. 218:114769. doi: 10.1016/j.envres.2022.114769

Chen, S., Zhou, Y., and Chen, Y. (2018). Fastp, an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics 34:274100, i884-i890. doi: 10.1093/bioinformatics/bty560

Chmielowska, B. J., and Deckert, J. (2012). A common response to common danger?
Comparison of animal and plant signaling pathways involved in cadmium sensing. J.
Cell Commun. Signaling 6, 191-204. doi: 10.1007/s12079-012-0173-3

Chow, H. Y., and Pan, M. (2020). Fertilization value of biosolids on nutrient
accumulation and environmental risks to agricultural. Water Air Soil Pollut. 231:578.
doi: 10.1007/s11270-020-04946-8

Conradie, T. A, and Jacobs, K. (2021). Distribution patterns of Acidobacteriota in
different fynbos soils. PLoS One 16:0248913. doi: 10.1371/JOURNAL.PONE.0248913

Delgado, B. M. (2019). Obscure soil microbes and where to find them. ISME J. 13,
2120-2124. doi: 10.1038/s41396-019-0405-0

Edgar, R. C. (2011). UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 27, 2194-2200. doi: 10.1093/bioinformatics/btr381

Edgar, R. C. (2013). UPARSE, highly accurate OTU sequences from microbial
amplicon reads. Nat. Methods 10, 996-998. doi: 10.1038/nmeth.2604

Effrey, M. N, James, A. I, Donald, W. W,, Gilbert, C. S., Thomas, E. D., and Mark, G. J.
(2019). Biochar compost blends facilitate switchgrass growth in mine soils by reducing
cd and Zn bioavailability. Biochar 1, 97-114. doi: 10.1007/s42773-019-00004-7

Fan, J. L, Jin, H., Zhang, C. H., Zheng, J. ]., Zhang, J., Han, G. D, et al. (2021). Grazing
intensity induced alternations of soil microbial community composition in aggregates
drive soil organic carbon turnover in a desert steppe. Agric. Ecosyst. Environ. 313:107387.
doi: 10.1016/].AGEE.2021.107387

Ghassemi, G. K., and Farhangi, A. S. (2023). Biochar related treatments improved
physiological performance, growth and productivity of Mentha crispa L. plants under
fluoride and cadmium toxicities. Ind. Crop. Prod. 194:116287. doi: 10.1016/].
INDCROP.2023.116287

Gondek, K., Mierzwa, M., and Jarosz, R. (2023). Effect of willow biochar and fly
ash-derived zeolite in immobilizing heavy metals and promoting enzymatic activity
in a contaminated sandy soil. Catena 232:107429. doi: 10.1016/].
CATENA.2023.107429

Haider, F. U,, Li, Q. C,, Coulter, J. A., Cheema, S. A., Wu, J., Zhang, R. Z., et al. (2021).
Cadmium toxicity in plants, impacts and remediation strategies. Ecotoxicol. Environ. Saf.
211:111877:111887. doi: 10.1016/].ECOENV.2020.111887

Han, X. Y., Cui, L. Q, and Yan, J. L. (2022). Effects of biochar on purslane-mediated
transfer and uptake of soil bioavailable cadmium. Water Air Soil Pollut. 233:479. doi:
10.1007/S11270-022-05952-8

Hao, D. C, Yu, J. L, Xiong, E. M., Li, S. G., Yun, X. H,, Zhong, Y. R, et al. (2019).
Analysis of potential strategies for cadmium stress tolerance revealed by transcriptome
analysis of upland cotton. Sci. Rep. 9, 86-13. doi: 10.1038/s41598-018-36228-z

Frontiers in Microbiology

10.3389/fmicb.2023.1334338

Huang, K., Deng, Y. T., Yuan, W. Y., Geng, J., Wang, G. H., and Zou, F. (2020).
Phospholipase D1 ameliorates apoptosis in chronic renal toxicity caused by low-dose
cadmium  exposure. Biomed. Res. Int. 2020, 7091053-7091012. doi:
10.1155/2020/7091053

Hui, L. Y., Wen, X. X,, Jian, Y. X, Yi, W. G, Lul, L. W,, Liang, S., et al. (2019). Variation
of a major facilitator superfamily gene contributes to differential cadmium accumulation
between rice subspecies. Nat. Commun. 10:2562. doi: 10.1038/541467-019-10544-y

Hui, H., Xue, J. W, Lun, G. Y,, and Zhao, J. C. (2020). Heavy metal-immobilizing
bacteria combined with calcium polypeptides reduced the uptake of cd in wheat and
shifted the rhizosphere bacteria communities. Environ. Pollut. (Oxford) 267:115432. doi:
10.1016/j.envpol.2020.115432

Hussain, B., Liu, S., Rahman, S. U,, Leiva, E. S. T, Javed, K., Pu, S. Y,, et al. (2023).
Cadmium prevalence in cacao (Theobroma cacao L.) and potential remediation
strategies. J. Soil Sci. Plant Nutr. 23, 2938-2954. doi: 10.1007/S42729-023-01349-6

Ibrahim, H. Y., Raul, Z., Angel, C., Asuman, B. Y., and Ahmet, R. M. (2020). Changes
in carbon pools and enzyme activities in soil amended with pig slurry derived from
different feeding diets and filtration process. Geoderma 380:114640. doi: 10.1016/j.
geoderma.2020.114640

Jiang, W. T,, Xu, L. X, Liu, Y. L., Su, W. X,, Yan, J. X,, and Xu, D. W. (2022). Effect of
biochar on the growth, photosynthesis, antioxidant system and cadmium content of
Mentha piperita ‘chocolate’ and Mentha spicata in cadmium-contaminated soil.
Agronomy 12:2737. doi: 10.3390/AGRONOMY 12112737

Joshi, S., Gangola, S., Bhandari, G., Bhandari, N. S., Nainwal, D., Rani, A., et al. (2023).
Rhizospheric bacteria, the key to sustainable heavy metal detoxification strategies. Front.
Microbiol. 14:1229828. doi: 10.3389/FMICB.2023.1229828

Kareem, H. A., Adeel, M., Azeem, M., Ahmad, M. A., Shakoor, N., Hassan, M. U,, et al.
(2022). Antagonistic impact on cadmium stress in alfalfa supplemented with nano-zinc
oxide and biochar via upregulating metal detoxification. J. Hazard. Mater. 443:130309.
doi: 10.1016/].JHAZMAT.2022.130309

Kuppusamy, S., Thavamani, P, Meghara, M., Venkateswarlu, K., Lee, Y. B., and
Naidu, R. (2016). Pyrosequencing analysis of bacteria diversity in soils contaminated
long-term with PAHs and heavy metals, implications to bioremediation. J. Hazard.
Mater. 317, 169-179. doi: 10.1016/j.jhazmat.2016.05.066

Lee, S., Han, J., and Ro, H. M. (2022). Mechanistic insights into cd (II) and as (V)
sorption on Miscanthus biochar at different pH values and pyrolysis temperatures.
Chemosphere 287:132179. doi: 10.1016/]. CHEMOSPHERE.2021.132179

Li, J-T., Baker, A. J. M., Ye, Z-H., Wang, H-B., and Shu, W-S. (2012). Phytoextraction
of Cd-contaminated soils, current status and future challenges. Crit. ev. Environ. Sci.
Technol. 42,2113-2152. doi: 10.1080/10643389.2011.574105

Li, X., Cao, Y, Xiao, J., Salam, M. M. A,, and Chen, G. (2022). Bamboo biochar greater
enhanced cd/Zn accumulation in Salix psammophila under non-flooded soil compared
with flooded. Biochar 4, 1-17. doi: 10.1007/S42773-022-00139-0

Li, H. B,, Dong, X. L, Silva, E. B. D,, Oliveira, L. M. D., Chen, Y. S., and Ma, L. Q.
(2017). Mechanisms of metal sorption by biochars, biochar characteristics and
modifications. Chemosphere 178, 466-478. doi: 10.1016/j.chemosphere.2017.03.072

Li, Y. Y, Yang, J. Y., Yang, M. Y,, and Zhang, E B. (2024). Exploring biochar addition
impacts on soil erosion under natural rainfall: a study based on four years of field
observations on the loess plateau. Soil Tillage Res. 236:105935. doi: 10.1016/].
STILL.2023.105935

Li, S. C., Zhuo, R. Y, Yu, M,, Lin, X. Y., Xu, J., Qiu, W. M., et al. (2023). A novel gene
SpCTP3 from the hyperaccumulator Sedum plumbizincicola redistributes cadmium and
increases its accumulation in transgenic Populus x canescens. Front. Plant Sci.
14:1111789. doi: 10.3389/FPLS.2023.1111789

Lian, M. N,, Rang, C,, Jing, Q. K., Xu, Z., and Jin, Y. L. (2018). Ascorbate-glutathione
cycle and ultrastructural analyses of two Kenaf cultivars (Hibiscus cannabinus L.) under
chromium stress. Int. J. Environ. Res. Public Health 15:1467. doi: 10.3390/ijerph15071467

Lian, J., Zhou, L. L., Wei, C., Yin, Y., Shuai, Y., and Xing, Y. H. (2015). Hormesis effects
induced by cadmium on growth and photosynthetic performance in a
Hyperaccumulator, Lonicera japonica Thunb. J. Plant Growth Regul. 34, 13-21. doi:
10.1007/s00344-014-9433-1

Liang, L. S., Guo, Q. Z., Xin, Y. L., Xin, Y. Z., Wei, H., Mei, Z. T, et al. (2023). Effects
of biochar on the transformation of cadmium fractions in alkaline soil. Heliyon 9:€12949.
doi: 10.1016/].HELIYON.2023.E12949

Liu, X., Dou, L., Ding, X., Sun, T, and Zhang, H. (2021). Influences of different
afforestation systems on the soil properties of limestone mountains in the mid-eastern
region of China. Catena 201:105198. doi: 10.1016/].CATENA.2021.105198

Liu, M., Linna, C., Ma, S., Ma, Q., Song, W. E, Shen, M. Z,, et al. (2022). Biochar
combined with organic and inorganic fertilizers promoted the rapeseed nutrient uptake
and improved the purple soil quality. Front. Nutr. 9:997151. doi: 10.3389/
FNUT.2022.997151

Liu, J., Zhang, X. H., Henry, T.,, Wang, D. Q,, and Zhu, Y. N. (2011). Heavy metal
contamination and risk assessment in water, paddy soil, and rice around an electroplating
plant. Environ. Sci. Pollut. Res. 18, 1623-1632. doi: 10.1007/s11356-011-0523-3

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1334338
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.sjbs.2015.11.007
https://doi.org/10.1016/J.CHEMOSPHERE.2023.140115
https://doi.org/10.1016/J.CHEMOSPHERE.2023.140115
https://doi.org/10.1016/J.CHEMOSPHERE.2022.136931
https://doi.org/10.1186/S12870-023-04397-3
https://doi.org/10.1007/s00374-012-0764-4
https://doi.org/10.3389/FMICB.2023.1116535
https://doi.org/10.1007/S42773-023-00279-X
https://doi.org/10.3389/FMICB.2023.1117312
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1016/j.envres.2022.114769
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1007/s12079-012-0173-3
https://doi.org/10.1007/s11270-020-04946-8
https://doi.org/10.1371/JOURNAL.PONE.0248913
https://doi.org/10.1038/s41396-019-0405-0
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1007/s42773-019-00004-7
https://doi.org/10.1016/J.AGEE.2021.107387
https://doi.org/10.1016/J.INDCROP.2023.116287
https://doi.org/10.1016/J.INDCROP.2023.116287
https://doi.org/10.1016/J.CATENA.2023.107429
https://doi.org/10.1016/J.CATENA.2023.107429
https://doi.org/10.1016/J.ECOENV.2020.111887
https://doi.org/10.1007/S11270-022-05952-8
https://doi.org/10.1038/s41598-018-36228-z
https://doi.org/10.1155/2020/7091053
https://doi.org/10.1038/s41467-019-10544-y
https://doi.org/10.1016/j.envpol.2020.115432
https://doi.org/10.1007/S42729-023-01349-6
https://doi.org/10.1016/j.geoderma.2020.114640
https://doi.org/10.1016/j.geoderma.2020.114640
https://doi.org/10.3390/AGRONOMY12112737
https://doi.org/10.3389/FMICB.2023.1229828
https://doi.org/10.1016/J.JHAZMAT.2022.130309
https://doi.org/10.1016/j.jhazmat.2016.05.066
https://doi.org/10.1016/J.CHEMOSPHERE.2021.132179
https://doi.org/10.1080/10643389.2011.574105
https://doi.org/10.1007/S42773-022-00139-0
https://doi.org/10.1016/j.chemosphere.2017.03.072
https://doi.org/10.1016/J.STILL.2023.105935
https://doi.org/10.1016/J.STILL.2023.105935
https://doi.org/10.3389/FPLS.2023.1111789
https://doi.org/10.3390/ijerph15071467
https://doi.org/10.1007/s00344-014-9433-1
https://doi.org/10.1016/J.HELIYON.2023.E12949
https://doi.org/10.1016/J.CATENA.2021.105198
https://doi.org/10.3389/FNUT.2022.997151
https://doi.org/10.3389/FNUT.2022.997151
https://doi.org/10.1007/s11356-011-0523-3

Liu et al.

Lu, M., Huang, L. K., Wang, Q., Cao, X. R, Lin, Q, He, Z. L., et al. (2020). Soil
properties drive the bacterial community to cadmium contamination in the rhizosphere
of two contrasting wheat (Triticum aestivum L.) genotypes. J. Environ. Sci. 128, 117-128.
doi: 10.1016/].JES.2022.07.028

Mago¢, T, and Salzberg, S. L. (2011). FLASH, fast length adjustment of short reads to
improve genome assemblies. Bioinformatics 27, 2957-2963. doi: 10.1093/bioinformatics/
btr507

Md, Z. H., Md, M. B,, Binoy, S., Scott, W. D., Young, S. O., Kumuduni, N. P, et al.
(2020). Biochar and its importance on nutrient dynamics in soil and plant. Biochar 2,
379-420. doi: 10.1007/S42773-020-00065-Z

Meghan, M., Karen, E. P,, Alejandra, C., Peter, X. K. S., Andrew, J., Maritsa, S., et al.
(2017). Dietary predictors of urinary cadmium among pregnant women and children.
Sci. Total Environ. 575, 1255-1262. doi: 10.1016/j.scitotenv.2016.09.204

Menahem, E., and Meni, B. H. (2018). Heavy metals and metalloids, sources, risks and
strategies to reduce their accumulation in horticultural crops. Sci. Hortic. (Amsterdam,
Neth.) 14, 431-444. doi: 10.1016/j.scienta.2017.12.039

Ming, G., Chang, Y. L., Ming, X,, Yun, L., Min, C,, and Si, J. L. (2018). LncRNA MT1DP
aggravates cadmium-induced oxidative stress by repressing the function of Nrf2 and is
dependent on interaction with miR-365. Adv. Sci. 5:1800087. doi: 10.1002/advs.201800087

Mohammadhossein, R., George, A. K., and Alexandre, J. (2019). Root-associated
microorganisms reprogram plant life history along the growth-stress resistance tradeoff.
ISME J. 13, 3093-3101. doi: 10.1038/s41396-019-0501-1

Muhammad, R., Salahuddin, L. S., Hassan, S., and Peng, Z. (2017). Influence of
biochar and nitrogen on fine root morphology, physiology, and chemistry of Acer mono.
Sci. Rep. 7:5367. doi: 10.1038/s41598-017-05721-2

Muhammad, A. K., Xiao, D. D., Sardar, K., Mark, L. B., Anwarzeb, K., and Javed, N.
(2018). The influence of various organic amendments on the bioavailability and plant
uptake of cadmium present in mine-degraded soil. Sci. Total Environ. 636, 810-817. doi:
10.1016/j.scitotenv.2018.04.299

Muhammad, K., Zaffar, M., Aasma, P,, Yu, T. Z., Ghulam, H. A., Muhammad, T, et al.
(2019). Biochar alleviates cd phytotoxicity by minimizing bioavailability and oxidative
stress in pak choi (Brassica chinensis L.) cultivated in cd-polluted soil. J. Environ. Manag.
250:109500. doi: 10.1016/j.jenvman.2019.109500

Mukhia, S., Kumar, A., Kumari, P, and Kumar, R. (2022). Psychrotrophic plant
beneficial bacteria from the glacial ecosystem of Sikkim Himalaya: genomic evidence
for the cold adaptation and plant growth promotion. Microbiol. Res. 260:127049. doi:
10.1016/].MICRES.2022.127049

Nagajyoti, P. C,, Lee, K. D, and Sreekanth, T. V. M. (2010). Heavy metals, occurrence
and toxicity for plants, a review. Environ. Chem. Lett. 8, 199-216. doi: 10.1007/
510311-010-0297-8

Nan, S. Z., Zhao, X. L., Yan, L. T,, and Yuan, K. Z. (2021). A review of pharmacological
and toxicological effects of Sophora tonkinensis with bioinformatics prediction. Am J
Chinese Med 49, 359-389. doi: 10.1142/50192415X21500178

Nilsson, R. H., Larsson, K. H., and Taylor, A. E. S. (2018). The UNITE
database for molecular identification of fungi, handling dark taxa and parallel
taxonomic classifications. Nucleic Acids Res. 47, D259-D264. doi: 10.1093/nar/
gky1022

Pankaj, T., Manuel, D. B,, Chanda, T., Hang, W. H., Tan, C. A, Thomas, C. ], et al.
(2016). Microbial regulation of the soil carbon cycle, evidence from gene-enzyme
relationships. ISME J. 10, 2593-2604. doi: 10.1038/isme;j.2016.65

Pfendler, S., Ciadamidaro, L., Ozaki, S., Bonin, A., Taberlet, P., Zappelini, C., et al.
(2023). Differential effects of tree species identity on rhizospheric bacterial and fungal
community richness and composition across multiple trace element-contaminated sites.
Sci. Total Environ. 912:168600. doi: 10.1016/].SCITOTENV.2023.168600

Rachael, B., Marie, V., Elena, 1. Q., Fabiana, P, Valentina, B., Elizabeth, B., et al. (2019).
A cross-sectional study of urinary cadmium concentrations in relation to dietary intakes
in Uruguayan school children. Sci. Total Environ. 658, 1239-1248. doi: 10.1016/j.
scitotenv.2018.12.220

Raletsena, M. V., Mdlalose, S., Bodede, O. S., Assress, H. A., Woldesemayat, A. A., and
Modise, D. M. (2022). "H-NMR and LC-MS based metabolomics analysis of potato
(Solanum tuberosum L.) cultivars irrigated with Fly ash treated acid mine drainage.
Molecules 27:1187. doi: 10.3390/MOLECULES27041187

Rui, W, Xin, X. D,, Qi, X. G,, Xiu, L. W, Lu, H,, Xiao, J. G,, et al. (2020). Sophora
alopecuroides L., an ethnopharmacological, phytochemical, and pharmacological
review. J. Ethnopharmacol. 248:112172. doi: 10.1016/j.jep.2019.112172

Saeed, M., Ilyas, N, Jayachandran, K., Gaffar, S., Arshad, M., Sheeraz, A. M., et al.
(2021). Biostimulation potential of biochar for remediating the crude oil contaminated
soil and plant growth. Saudi J. Biol. Sci. 28, 2667-2676. doi: 10.1016/].5]BS.2021.03.044

Sha, W,, Jiao, C., Wen, D. J., Wei, M. G., Shuang, H. Y., Yu, Q W, et al. (2019). Single
molecule observation of hard-soft-acid-base (HSAB) interaction in engineered
Mycobacterium smegmatis porin a (MspA) nanopores. Chem. Sci. 11, 879-887. doi:
10.1039/C9SC05260G

Shaza, H. A., Ahmed, M. E., Omayma, A. E., Mohamed, A. E., Thomas, E., and
Abdel, N. B. S. (2019). The pharmacology of the genus Sophora (Fabaceae), An
updated review. Phytomedicine 64:153070. doi: 10.1016/j.phymed.2019.153070

Frontiers in Microbiology

10.3389/fmicb.2023.1334338

Shen, Y., Zheng, Y. N., Aigai, Z., Hai, T. Y., He, Z., Kuan, X. H,, et al. (2019). Biochar
application on paddy and purple soils in southern China, soil carbon and biotic activity.
R. Soc. Open Sci. 6:181499. doi: 10.1098/rs0s.181499

Sheng, C., Tao, C., Wen, B. X, Jian, H., Shao, J. J., Bo, Y., et al. (2020). Application
research of biochar for the remediation of soil heavy metals contamination, A Review.
Molecules 25:3167. doi: 10.3390/molecules25143167

Sifton, M. A., Smith, S. M., and Thomas, S. C. (2023). Biochar-biofertilizer
combinations enhance growth and nutrient uptake in silver maple grown in an urban
soil. PLoS One 18:€0288291. doi: 10.1371/JOURNAL.PONE.0288291

Sun, E, Chen, ], Chen, F, Wang, X,, Liu, K,, Yang, Y, et al. (2022). Influence of biochar
remediation on Eisenia fetida in Pb-contaminated soils. Chemosphere 295:133954. doi:
10.1016/].CHEMOSPHERE.2022.133954

Tan, Y., Cao, X., Chen, S., Ao, X. L., Li, ]. L., Hu, K. D,, et al. (2023). Antibiotic and
heavy metal resistance genes in sewage sludge survive during aerobic composting. Sci.
Total Environ. 866:161386. doi: 10.1016/].SCITOTENV.2023.161386

Tan, X. F, Liu, Y. G,, Zeng, G. M., Wang, X, Hu, X. ], Gu, Y. L,, et al. (2015).
Application of biochar for the removal of pollutants from aqueous solutions.
Chemosphere 125, 70-85. doi: 10.1016/j.chemosphere.2014.12.058

Thang, P. N. T, Tran, V. H,, Vu, T. A,, Vinh, N. N,, Huynh, D. T. M., and Pham, D. T.
(2022). Determination of antioxidant, cytotoxicity, and acetylcholinesterase inhibitory
activities of alkaloids isolated from Sophora flavescens Ait. Grown in Dak Nong,
Vietnam. Pharmaceuticals 15:1384. doi: 10.3390/PH15111384

The Comprehensive R Archive Network (2015). Package ‘psych’ Available at: https://
cran.r-project.org/banner.shtml

Todd, M. E,, Tracy, P, Brian, P. J., Ke, H., Luca, L., Jia, C,, et al. (2018). Cadmium-
associated differential methylation throughout the placental genome, epigenome-wide
association study of two U.S. birth cohorts. Environ. Health Perspect. 126:017010. doi:
10.1289/EHP2192

Tungtiirk, M., Rezaee, D. Y., Tungtiirk, R., Oral, E., Najafi, S., Nohutgu, L., et al. (2023).
Saftlower (Carthamus tinctorius L.) Response to Cadmium Stress, Morpho-Physiological
Traits and Mineral Concentrations. Life (Basel, Switz.) 13:135. doi: 10.3390/
LIFE13010135

Udosen, E., Akpan, E., and Sam, S. (2016). Levels of some heavy metals in cocoyam
(Colocasia esculentum) grown on soil receiving Euent from a paint industry. Environ.
Manag. 20, 215-218. doi: 10.4314/jasem.v20i1.26

Vegan, Community Ecology Package (2010). R package version 1.17-4. Available at:
https://cran.r-project.org>Acessoem

Venkateswar, R. M., and Venkata, M. S. (2012). Effect of substrate load and nutrients
concentration on the polyhydroxyalkanoates (PHA) production using mixed consortia
through wastewater treatment. Bioresour. Technol. 114, 573-582. doi: 10.1016/j.
biortech.2012.02.127

Wan, H., Liu, X. Z., Shi, Q. M., Chen, Y. T, Jiang, M., Zhang, J. R,, et al. (2023). Biochar
amendment alters root morphology of maize plant, its implications in enhancing
nutrient uptake and shoot growth under reduced irrigation regimes. Front. Plant Sci.
14:1122742. doi: 10.3389/FPLS.2023.1122742

Wang, Q. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences
into the new bacteria taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/
AEM.00062-07

Wang, L., Leghari, S. J., Wu, J. J., Wang, N., Pang, M., and Jin, L. (2023). Interactive
effects of biochar and chemical fertilizer on water and nitrogen dynamics, soil properties
and maize yield under different irrigation methods. Front. Plant Sci. 14:1230023. doi:
10.3389/FPLS.2023.1230023

Wei, W, and Yan, S. (2023). Microbial-plant collaborative remediation of cd-
contaminated wastewater and soil in the surrounding area of nuclear power plants and
risk assessment. Sustainability 15:11757. doi: 10.3390/SU151511757

Wei, L., Yu, L., Ya, E, Jian, C. Q., Hui, W. Z., Ji, X., et al. (2020). The effectiveness of
nanobiochar for reducing phytotoxicity and improving soil remediation in cadmium-
contaminated soil. Sci. Rep. 10:858. doi: 10.1038/541598-020-57954-3

Wen, Z. C,, Ying, Y. L., Wen, G. L., Lei, P,, Shuang, X,, Yu, S., et al. (2023). Remediation
agents drive Bacteria Community in a cd-Contaminated Soil. Toxics 11:53. doi: 10.3390/
TOXICS11010053

Wu, T, Liu, C., Kong, B., and Cui, Y. (2019). Amidoxime-functionalized
macroporous carbon self-refreshed electrode materials for rapid and high-capacity
removal of heavy metal from water. ACS Cent. Sci. 5, 719-726. doi: 10.1021/
acscentsci.9b00130

Xia, R. Z., Zhou, R. W,, Peng, S. Z., Dan, C., Sheng, F. H., Bo, W, et al. (2022).
Extraction, separation, antitumor effect, and mechanism of alkaloids in Sophora
alopecuroides, A Review. Separations 9:380. doi: 10.3390/SEPARATIONS9110380

Xiao, J., Liang, T, Yang, Sh. D., and Tan, H. W. (2023). Do full mechanized
management strategies destroy soil health and fertility in sugarcane fields?. Catena
224:107000. doi: 10.1016/].CATENA.2023.107000

Xiao, X. Z., Tingran, L., Ji, C. Z., and Ling, Z. (2023). Potential mechanism of long-
term immobilization of Pb/cd by layered double hydroxide doped chicken-manure
biochar. Int. J. Environ. Res. Public Health 20:867. doi: 10.3390/IJERPH20010867

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1334338
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/J.JES.2022.07.028
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1007/S42773-020-00065-Z
https://doi.org/10.1016/j.scitotenv.2016.09.204
https://doi.org/10.1016/j.scienta.2017.12.039
https://doi.org/10.1002/advs.201800087
https://doi.org/10.1038/s41396-019-0501-1
https://doi.org/10.1038/s41598-017-05721-2
https://doi.org/10.1016/j.scitotenv.2018.04.299
https://doi.org/10.1016/j.jenvman.2019.109500
https://doi.org/10.1016/J.MICRES.2022.127049
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1007/s10311-010-0297-8
https://doi.org/10.1142/S0192415X21500178
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1093/nar/gky1022
https://doi.org/10.1038/ismej.2016.65
https://doi.org/10.1016/J.SCITOTENV.2023.168600
https://doi.org/10.1016/j.scitotenv.2018.12.220
https://doi.org/10.1016/j.scitotenv.2018.12.220
https://doi.org/10.3390/MOLECULES27041187
https://doi.org/10.1016/j.jep.2019.112172
https://doi.org/10.1016/J.SJBS.2021.03.044
https://doi.org/10.1039/C9SC05260G
https://doi.org/10.1016/j.phymed.2019.153070
https://doi.org/10.1098/rsos.181499
https://doi.org/10.3390/molecules25143167
https://doi.org/10.1371/JOURNAL.PONE.0288291
https://doi.org/10.1016/J.CHEMOSPHERE.2022.133954
https://doi.org/10.1016/J.SCITOTENV.2023.161386
https://doi.org/10.1016/j.chemosphere.2014.12.058
https://doi.org/10.3390/PH15111384
https://cran.r-project.org/banner.shtml
https://cran.r-project.org/banner.shtml
https://doi.org/10.1289/EHP2192
https://doi.org/10.3390/LIFE13010135
https://doi.org/10.3390/LIFE13010135
https://doi.org/10.4314/jasem.v20i1.26
https://cran.r-project.org>Acessoem
https://doi.org/10.1016/j.biortech.2012.02.127
https://doi.org/10.1016/j.biortech.2012.02.127
https://doi.org/10.3389/FPLS.2023.1122742
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.3389/FPLS.2023.1230023
https://doi.org/10.3390/SU151511757
https://doi.org/10.1038/s41598-020-57954-3
https://doi.org/10.3390/TOXICS11010053
https://doi.org/10.3390/TOXICS11010053
https://doi.org/10.1021/acscentsci.9b00130
https://doi.org/10.1021/acscentsci.9b00130
https://doi.org/10.3390/SEPARATIONS9110380
https://doi.org/10.1016/J.CATENA.2023.107000
https://doi.org/10.3390/IJERPH20010867

Liu et al.

Xie, Y., Bu, H., Feng, Q., Wassie, M., Amee, M., Jiang, Y., et al. (2021). Identification
of cd-resistant microorganisms from heavy metal-contaminated soil and its potential in
promoting the growth and cd accumulation of bermudagrass. Environ. Res. 200:111730.
doi: 10.1016/J. ENVRES.2021.111730

Yan, J. G., Bao, L. Q., Khan, Z., Hui, J., Qian, H. J., Qi, Z. E, et al. (2022). The potential
for biochar application in “Shatangju” (Citrus reticulate cv.) orchard on acid red soil,
biochar prepared from its organic waste in an orchard. Front. Plant Sci. 13:1001740. doi:
10.3389/FPLS.2022.1001740

Yan, G. L, Jun, L. Y., Meng, X. C,, Lam, S. S, Rinklebe, J., Qing, Y., et al. (2023).
Phytoremediation of cadmium from soil, air and water. Chemosphere 320:111887:138058.
doi: 10.1016/].CHEMOSPHERE.2023.138058

Yang, L., Guan, W, Jie, L., and Liang, O. Y. (2020). Quinolizidine alkaloids derivatives
from Sophora alopecuroides Linn, bioactivities, structure-activity relationships and
preliminary molecular mechanisms. Eur. J. Med. Chem. 188:111972. doi: 10.1016/j.
ejmech.2019.111972

Yang, J. Z., Ming, H. L, Tao, S. Q, Peng, P, De, S. T, Hong, L. C,, et al. (2023). Soil
conditioners improve cd-contaminated farmland soil microbial communities to inhibit
cd accumulation in rice. J. Integr. Agric. 22,2521-2535. doi: 10.1016/].JTA.2023.02.023

Yang, Y. W,, Yi, D. L., Wen, H. Z, Kai, X. Z,, Jun, N. W, Chao, S. Z., et al. (2020).
Stabilization of heavy metal-contaminated soils by biochar, Challenges and
recommendations. Sci. Total Environ. 729:139060. doi: 10.1016/j.scitotenv.2020.139060

Yao, E. W, Xin, X., and Bao, L. C. (2018). Biochar impacts on soil silicon dissolution
kinetics and their interaction mechanisms. Sci. Rep. 8, 8040-8011. doi: 10.1038/
541598-018-26396-3

Ying, L., Lin, L., Jin, C., Chuan, D., Shuang, Q., Ming, L., et al. (2020). Effect of exogenous
Ca’* on growth and accumulation of major components in tissue culture seedlings of Sophora
tonkinensis gagnep. Pharmacogn. Mag. 16, 386-392. doi: 10.4103/pm.pm_362_19

Zhang, Z., Deng, Q., Ye, H., and Ge, G. (2023). Bacteria and fungal diversities

examined through high-throughput sequencing in response to lead contamination of
tea garden soil. Front. Microbiol. 14:1121199. doi: 10.3389/FMICB.2023.1121199

Frontiers in Microbiology

14

10.3389/fmicb.2023.1334338

Zhang, X., Guan, Q. K,, Kong, L. H,, Yang, R, Liu, X. S., Qu, J. ], et al. (2023).
Composite organic amendment boosts soil remediation and cd detoxification to rape
under different nitrogen level. Eur. J. Soil Biol. 114:103463. doi: 10.1016/].
EJSOBI.2022.103463

Zhang, N. H,, Ye, X, Gao, Y, Liu, G. X,, Liu, Z. H,, Zhang, Q. L., et al. (2023).
Environment and agricultural practices regulate enhanced biochar-induced soil carbon
pools and crop yield: a meta-analysis. Sci. Total Environ. 905:167290. doi: 10.1016/].
SCITOTENV.2023.167290

Zhang, C., Zhao, X,, Liang, A. ., Li, Y. Y., Song, Q. Y., Xian, L., et al. (2023). Insight
into the soil aggregate-mediated restoration mechanism of degraded black soil via
biochar addition: emphasizing the driving role of core microbial communities and
nutrient cycling. Environ. Res. 228:115895. doi: 10.1016/]. ENVRES.2023.115895

Zheng, J., Chen, J., Pan, G, Liu, X., Zhang, X, Li, L., et al. (2016). Biochar decreased
microbial metabolic quotient and shifted community composition four years after a
single incorporation in a slightly acid rice paddy from Southwest China. Sci. Total
Environ. 571, 206-217. doi: 10.1016/j.scitotenv.2016.07.135

Zheng, K., Liu, Z., Liu, C,, Liu, J., and Zhuang, J. (2023). Enhancing remediation
potential of heavy metal contaminated soils through synergistic application of microbial
inoculants and legumes. Front. Microbiol. 14:1272591. doi: 10.3389/FMICB.2023.1272591

Zhu, Y. Q., Wang, H. ], Lv, X,, Zhang, Y. T., and Wang, W. J. (2020). Effects of biochar
and biofertilizer on cadmium-contaminated cotton growth and the antioxidative defense
system. Sci. Rep. 10:20112. doi: 10.1038/s41598-020-77142-7

Zhu, J. L., Zhou, L, Li, T. E, Ruan, Y. Y,, Zhang, A., Dong, X. M,, et al. (2022).
Genome-wide investigation and characterization of SWEET gene family with focus on
their evolution and expression during hormone and abiotic stress response in maize.
Genes 13:1682. doi: 10.3390/GENES13101682

Zuo, Y., Li, Y., Chen, H., Ran, G., and Liu, X. (2023). Effects of multi-heavy metal
composite pollution on microorganisms around a lead-zinc mine in typical karst areas,
Southwest  China. Ecotoxicol. ~Environ. Saf. 262:115190. doi: 10.1016/].
ECOENV.2023.115190

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1334338
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/J.ENVRES.2021.111730
https://doi.org/10.3389/FPLS.2022.1001740
https://doi.org/10.1016/J.CHEMOSPHERE.2023.138058
https://doi.org/10.1016/j.ejmech.2019.111972
https://doi.org/10.1016/j.ejmech.2019.111972
https://doi.org/10.1016/J.JIA.2023.02.023
https://doi.org/10.1016/j.scitotenv.2020.139060
https://doi.org/10.1038/s41598-018-26396-3
https://doi.org/10.1038/s41598-018-26396-3
https://doi.org/10.4103/pm.pm_362_19
https://doi.org/10.3389/FMICB.2023.1121199
https://doi.org/10.1016/J.EJSOBI.2022.103463
https://doi.org/10.1016/J.EJSOBI.2022.103463
https://doi.org/10.1016/J.SCITOTENV.2023.167290
https://doi.org/10.1016/J.SCITOTENV.2023.167290
https://doi.org/10.1016/J.ENVRES.2023.115895
https://doi.org/10.1016/j.scitotenv.2016.07.135
https://doi.org/10.3389/FMICB.2023.1272591
https://doi.org/10.1038/s41598-020-77142-7
https://doi.org/10.3390/GENES13101682
https://doi.org/10.1016/J.ECOENV.2023.115190
https://doi.org/10.1016/J.ECOENV.2023.115190

	Biochar and organic fertilizer drive the bacterial community to improve the productivity and quality of Sophora tonkinensis in cadmium-contaminated soil
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Preparation of a biochar and organic fertilizer mixture
	2.3 Experimental design and implementation
	2.4 Soil and plant sampling
	2.5 Analysis of soil physicochemical properties, plant properties, and Cd content
	2.6 Analysis of soil bacterial diversity
	2.7 Statistical analysis

	3 Results
	3.1 Soil physicochemical properties
	3.2 Soil enzyme activity
	3.3 Growth parameters and Cd content of Sophora 
	3.4 Matrine and oxymatrine content of Sophora 
	3.5 Changes in α-diversity of soil bacteria under different treatments
	3.6 Changes in β-diversity of soil bacteria under different treatments
	3.7 Analysis of bacterial community composition
	3.8 Relationships between bacterial communities and environmental factors
	3.9 Bacterial network analysis

	4 Discussion
	4.1 Effects of the mixed application of biochar and organic fertilizer on soil physicochemical properties and soil enzyme activities
	4.2 Effects of the mixed application of biochar and organic fertilizer on the growth, Cd content, and matrine and oxymatrine content of Sophora 
	4.3 Mixed fertilization may have increased the productivity and quality of Sophora plants by regulating the microorganisms in Cd-contaminated soils

	5 Conclusion
	Data availability statement
	Author contributions

	 References

