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Abstract: Biochar exhibits a good adsorption ability for heavy metals in soil and has been widely used
as a remediation material in Cd-contaminated soil. However, the status of Cd uptake by rice driven
by soil physicochemical properties and rhizosphere microbial communities after years of biochar
application is not well understood. In this study, the relationship between the rhizosphere microbial
community and soil physicochemical properties and rice Cd accumulation were investigated during
the main rice growth stages. The results showed that in comparison to the non-biochar treatment
(control), a noticeable reduction in Cd content in rice stem sheaths, leaves, rice husks and milled rice
with different growth stages were observed in the biochar treatment after four years, which decreased
by 38.76-66.18%, 40.93-70.27%, 43.64—47.92% and 31.91-34.38%, respectively. Compared to non-
biochar treatment (control), the properties of the soil in different growth stages by biochar treatment
of the soil pH, soil organic matter (SOM)), total nitrogen (TN) and available phosphorus (AP) were
significantly increased, which increased by 10.5-16.13%, 8-25%, 75-130.13% and 132.95-191.43%,
respectively. The content of available Cd (ACd) concentration in different stages by biochar treat-
ment was significantly decreased, which decreased by 26.57-44.24%. Biochar application after four
years changed the rhizosphere bacterial community structure composition (phyla level) in all stages.
The relative abundance of Proteobacteria, Bacteroidetes and Nitrospirae was increased, while the
relative abundance of Chloroflexi, Acidobacteria and Actinobacteria was decreased. Meanwhile,
the biochar application enriched Rhodocyclaceae, Burkholderiaceae, Nitrosomonadaceae, Anaerolineaceae,
Ignavibacteriales and Bacteroidales, which may contribute to the reduction of Cd uptake and accumula-
tion in rice. These results suggest that biochar treatment after four years changed the rhizosphere
microbial community structure and soil physicochemical properties and promoted the colonization
of specific microbial populations in the rice rhizosphere to form a special protective system in the rice
rhizosphere, which reduced Cd uptake by rice.
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1. Introduction

The effect of soil heavy metal pollution on the crop growth and development has
become a global concern. Compared with other crops, rice has a high capacity for Cd
accumulation. This has led to excessive intake of Cd in countries and regions where rice
is a staple food, which has a serious impact on people’s health [1,2]. According to the
China soil contamination survey in 2014, 19.4% of the soil was contaminated, and 7%
of the arable land was contaminated with cadmium (Cd). These factors seriously affect
the safe production of grains, especially rice, which is prone to absorb and accumulate
Cd [3]. It is estimated that more than 10 million tons of grains are reduced every year by
heavy metal contamination [4]. The accumulation of Cd in the food chain will eventually
pose a great threat to human health [5], such as kidney dysfunction and osteoporosis.
Therefore, it is urgent to develop treatment strategies for Cd contamination in arable soil.
Currently, the main measures to improve heavy metal pollution in agricultural soils include

Agronomy 2023, 13, 81. https:/ /doi.org/10.3390/agronomy13010081

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy13010081
https://doi.org/10.3390/agronomy13010081
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy13010081
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13010081?type=check_update&version=2

Agronomy 2023, 13, 81

20f15

physical amendments, the addition of amendments, microbial remediation and agricultural
measures [6-8].

Biochar is a carbon-rich solid material with a high surface area, porous surface and
abundant functional groups [9]. Biochar has been widely used in the treatment of soil heavy
metal pollution as a highly efficient, low-cast and environmentally friendly modified dosage
agent [10]. The combination of biochar and ZnO Nanoparticles can reduce the absorption of
toxic metals in biomass, enhance the growth and enhance the physiological characteristics
of the soil [11]. The immobilization of heavy metals by biochar mainly occurs through
adsorption, cation exchange, surface complexation and precipitation [12]. Meanwhile,
biochar can indirectly fix or release heavy metal ions by changing soil characteristics,
such as improving soil aggregates, soil pH, SOM and changing microbial community
structure [13,14]. Biochar increases soil pH, SOM, total N, available P, available K and
inorganic N contents in acidic soils [15].

Because biochar has a high stable carbon structure, dense aromatic structure and
higher aromatic C, it was not easy to decompose by microorganisms, and can exist in
nature for a long time [15]. Deposited in the environment over a period of time, biochar
produced a series of physical and chemical property reactions; these reactions are called
biochar aging [15,16]. The physical fragmentation values of biochar increase significantly
with aging. Meanwhile, functional groups are formed on the surface of biochar. Aged
biochar also increases the interaction between biochar, SOM, contaminants, soil minerals,
nutrients and microorganisms [17], which alters the microbial community structure. Aged
biochar is decomposed by microorganisms into water-soluble matter, such as fulvic and
humic acid [18], which affects the form of contaminants in the soil. Fan et al. [19] found that
the pH and total organic carbon was significantly increased in a six-year field experiment
by biochar amendment, thus significantly increasing bacteria. Similarly, Li et al. [20]
reported that aging biochar, with richer oxygen-containing functional groups (OCFG) and
surface area (SA), increased the C/N ratio and decreased the availability of Cd in soil,
thus significantly altering the proportion of Gram-positive/Gram-negative bacteria. The
application of biochar for the remediation of Cd contamination varies with the aging of
biochar. Therefore, it is necessary to explore the late effects of biochar on Cd-contaminated
soil, soil chemical properties and microorganisms through the aging of biochar in soil.

The rhizosphere microbial community plays a key role in the microecology of the root
system, where nutrient uptake is closely linked [21] and also mediates the biogeochemical
cycling of heavy metals through redox and methylation processes or form complexes with
heavy metals through the secretion of organic acids [22], thus inhibiting the absorption
of heavy metals. Meanwhile, certain specific bacterial communities in the rhizosphere
were activated by certain organic substances secreted by the roots in the contaminated soil,
inhibiting the transport of heavy metal ions to the roots [23]. For example, sulfate-reducing
and iron-oxidizing bacteria reduced the accumulation of Cd in rice plants and formed sec-
ondary iron deposits through complexation of reduced iron oxides and manganese oxides
with Cd2* [24]. The root-secreted amino acids form complexes with Cd in rhizosphere soil
and reduce soil transport to roots [25]. In addition, the response of rhizosphere microor-
ganisms to Cd stress differed among varieties. The rhizosphere of high Cd-accumulating
rice varieties specifically recruited some bacterial groups that could be directly or indirectly
involved in metal mobilization, while the rhizosphere of low Cd-accumulating rice varieties
recruited some bacterial groups that was involved in promoting the plant growth [23].
Currently, most studies have investigated changes in rhizosphere microbial community
structure and effects on plant uptake of heavy metals with artificially aged biochar or suc-
cessive years of biochar addition [18,26]. However, little has been reported on the influence
of rhizosphere microbial changes and rice Cd uptake after years of biochar monotonic
amendment of Cd-contaminated soils during the critical rice growth stages.

In this study, the focus was on investigating the effects of biochar on the rhizosphere
microbial community structure, soil available Cd content and plant uptake of cadmium
after four years of biochar application. It was hypothesized that: (1) aged biochar can still



Agronomy 2023, 13, 81

30f15

improve soil pH, organic matter and some nutrient elements four years after application to
soil; (2) aged biochar can reduce Cd accumulation in rice mainly by reducing soil available
Cd content; and (3) aged biochar facilitates Cd fixation by improving one or some specific
microbial communities in the rhizosphere soil.

2. Materials and Methods
2.1. Soil Sampling and Biochar Production

Soil samples (0-20 cm in the cultivated layer) were taken from a typical heavy metal-
contaminated rice soil in southern Jiangxi Province. The soil samples were air-dried and
passed through a 5-mm sieve to remove the debris, then mixed well for the pot experiments.
The soil pH was 5.73 + 0.06 and contained 16.07 + 1.7 g kg~! organic matter (SOM),
1.61 £ 0.3 g kg~ ! total nitrogen (TN), 26.13 + 2.3 mg kg~ ! available phosphorus (AP) and
87.89 + 7.9 mg kg~ ! available potassium (AK), The soil was mainly polluted by Cd, the
total amount of which was 1.18 + 0.05 mg kg~ !. The biochar used was based on the rice
straw, which was pyrolyzed at 700 °C for 2 h with limited oxygen.

2.2. Experimental Design

This experiment was conducted in the experimental field of Jiangxi Agricultural
University (115°55" E, 28°46’ N) during 2021. The sample site has a subtropical humid
monsoon climate with an average annual temperature of 16.6 °C, an average daily temper-
ature >10 °C, a cumulative temperature of 5532.6 °C, a frost-free period of approximately
272 d and an annual precipitation of 1790.9 mm. The biochar was added to soil in plastic
pots at 60 g/kg~! (BC) by mass and mixed thoroughly with the soil in 2018, and biochar
absence as the control (CK). Based on the preliminary experimental results set biochar
dosages [27,28]. The tribute of the pots used was a plastic bucket 32 cm and 25 cm high.
In 2021, Huanghuazhan and Meixiangzhan 2 were planted in each of the treatment. Rice
seedlings were transplanted 28 days after sowing. Three holes were transplanted into each
pot, with two basic seedlings of equal length in each hole. The rice was irrigated with
flooded water throughout the growth process, with the water depth maintained at 3-5 cm.
Soil, rhizosphere soil and plant tissue samples were collected at the panicle initiation stage,
heading stage and maturity stage. The rhizosphere soil samples were collected according
to the method of Edwards et al. [29]. Using gloves, the rice plant was harvested by firmly
holding the shoot and slowly pulling the root system out of the ground. Then, the roots
were vigorously shaken to remove loose soil, leaving only the soil layer firmly attached to
the root. This layer constitutes the rhizosphere compartment. The soil layer firmly attached
to the root was the rhizosphere soil and the loose soil that was removed was the bulk
soil [29]. Then, the samples were refrigerated to —80 °C for 165 RNA sequencing. Soil
chemical characterization and determination of total and effective cadmium in soil samples.
The Cd content in each tissue was determined by using plant samples.

2.3. Soil and Plant Analysis

Each soil sample was divided into two parts. The first part was air-drying indoors,
pulverized and 2 mm screened for the soil chemistry to determine basic soil properties,
such as pH, soil organic matter (SOM), total nutrient content and effective phosphorus.
The other part was analyzed for total Cd and available Cd through a 0.15 mm screen. Soil
pH was determined by a pH meter with a deionized water to the soil ratio of 5 (v/w). Soil
organic matter was determined by the potassium dichromate method. Soil total nitrogen
was determined by the Kjeldahl method. Effective phosphorus was determined by the
molybdenum-antimony colorimetric method. In order to determine the total cadmium
content in the soil, microwave irradiation HNO3-H,O,-HF (6:2:2, v/v/v) ablation was used,
and Inductively Coupled Plas Mamass Spectrometry (ICP-MS) (Agilent Technologies,
7500 CX, Santa, Clara, CA, USA) was used to determine the cadmium content in the
soil. The available Cd in the soil was extracted with DTPA extractant and determined by
ICP-MS [30,31]. Plants were harvested at the panicle initiation stage, heading stage and
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maturing stage, then rinsed two to three times with deionized water, divided into roots,
stems and leaves, bleached at 105 °C for 30 min, dried to constant weight at 70 °C and
ground into powder. The concentration of Cd in the plants was determined by microwave
digestion using a HNO3-HyO; (4:1, v/v) mixture at 150 °C and quantified by ICP-MS.

2.4. Rhizosphere Soil DNA Extraction and Sequencing

All rhizosphere bacterial DNA was extracted with the TGuide 596 Magnetic Soil/Stool
DNA Kit (Tiangen Biotech (Beijing) Co., Ltd., Beijing, China) according to the manufac-
turer’s protocol. The rhizosphere bacterial DNA concentration was measured with the
Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Sci-
entific, Bend, OR, USA), and then DNA was stored at —80 °C in a refrigerator for later
sequencing analysis. The V3-V4 region of the bacterial 16S rRNA gene was united with
adapter sequences and barcode sequences by commonly used primers (forward primer
338F, 5'-GTGAATCATCGARTC-3'; reverse primer 86R, 5-TCCTCCGCTTATTGAT-3') [32].
After extracting the total DNA of the samples, the primers were designed according to the
conserved regions, and sequencing connectors were added at the end of the primers. PCR
amplification was performed, and the products were purified, quantified and homogenized
to form a sequencing library. The library was first subjected to library quality control; the
libraries that passed the quality control were sequenced with an Illumina Novaseq 6000
(Ilumina, San Diego, CA, USA) [33,34].

The samples were sequenced by the Illumina NovaSeq platform at Biomarker Tech-
nologies Corporation, Beijing, China. Trimmomatic (version 0.33, https://github.com/
usadellab/Trimmomatic (accessed on 24 January 2021)) [34] filtered primarily raw data,
while Cutadapt (version 1.9.1, http://cutadapt.readthedocs.org/ (accessed on 24 January
2021)) [33] identified and removed primer sequences. USEARCH (version 10, http://
drive5.com/usearch (accessed on 24 January 2021)) [35] assembled PE reads, and UCHIME
(version 8.1, www.biocloud.net) [36] removed chimera.

2.5. Data and Statistical Analysis

All quantitative data were statistically analyzed using one-way ANOVA considering
replicates by SPSS 23.0 (IBM Corporation, Armonk, NY, USA), and the means of the
treatments were examined by the Duncan test at p = 0.05 probability level. Graphics were
drawn with Origin Pro 8.0 (Origin lab, Northampton, MA, USA). The PCoA result was
illustrated using the R package “ggplot2”.

Microbial community analysis was performed using BMK Cloud (www.biocloud.net
(accessed on 24 January 2021)). Operational taxonomic units (OTUs) were clustered with
97% similarity cutoff using UPARSE (version10.0, www.biocloud.net (accessed on 24 Jan-
uary 2021)) [34]. Taxonomy annotation of the OTUs was analyzed by Naive Bayes with a
confidence threshold of 70%. Both QIIME2 (version6.0, https:/ /giime2.org (accessed on
24 January 2021)) [37] and R software calculated and displayed by Alpha diversity, respec-
tively. Beta diversity was determined by QIIME, then evaluating the degree of similarity
of microbial communities from different samples. The beta diversity was analyzed by
principal coordinate analysis (PCoA). Furthermore, the significant taxonomic difference
among group was tested by Linear Discriminant Analysis (LDA) effect size (LEfSe [35]),
and the threshold for discriminative features was 4.0. The package “vegan” performed a
redundancy analysis (RDA) in R to explore the dissimilarities of the microbiome among
different factors.

3. Results
3.1. Plant Cd Uptake

Biochar significantly reduced the Cd content in stems, leaves, rice husks and milled
rice of both varieties (Table 1). At the panicle initiation stage, the Cd contents of stems
and leaves were reduced by 66.18% and 68.52% in Huanghuazhan and 62.07% and 70.27%
in Meixiangzhan?, respectively. The same trend was observed at the heading stage and
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maturity stage. Furthermore, the Cd contents of rice husk and milled rice were reduced
by 47.92% and 31.91% in Huanghuazhan and 43.64% and 34.38% in Meixiangzhan?2 at
maturity, respectively.

Table 1. The content of Cd in different organs of rice as affected by biochar treatment.

Cd Content (mg kg—1)

Varieties Stage Treatment
Root Stem Leaf Rice Husk Milled Rice
Panicle initiation stage CK 2.304bcd 0.207b 0.4322 B )
& BC 2.85b 0.070d 0.136d - -
. CK 2.496bc 0.161bc 0.43a - -
Huanghuazhan Heading stage BC 1.5890f 0.089d 0.254¢ ) )
Maturity stage CK 1.458f 0.173b 0.394ab 0.048ab 0.047b
y stag BC 1.697def 0.102d 0.156d 0.025¢ 0.032¢
Panicle initiation stage CK 4.4752 0.203b 0.407a B )
& BC 223%bcde  0.077d 0.121d - -
. . . CK 2.023cdef 0.178b 0.423a - -
Meixiangzhan2 Heading stage BC 2 361bed 0.109¢d 0.14d } )
Maturity stage CK 2.159bc 0.269a 0.333b 0.055a 0.064a
y stag BC 1.351f 0.095d 0.165d 0.031bc 0.042bc
The values in the table are presented as means; CK = control; BC = Biochar; “-” is presented as no data, the same
letter in one column means no significant difference, while different letters mean significant differences among
the same group treatment at p < 0.05. Differences among the same group treatment at p < 0.05.
3.2. Changes in Soil Chemical Properties
Biochar amendments significantly improved soil physicochemical properties (Table 2).
The biochar significantly increased the soil pH, but the differences were not significant at
different periods (Table 2). Soil organic matter increased on average by 0.8-1.1-fold in the
biochar treatment compared to the control treatments (Table 2). Soil total N showed the
same trend as soil organic matter, significantly decreasing (9% in Huanghuazhan; 17.8%
in Meixiangzhan?) at the ripening stage with aging biochar treatment (Table 2). Biochar
treatment also significantly increased the soil available P by 1.3-1.9-fold (Table 2).
Table 2. The properties of the soil in different periods by biochar treatment.
Total N . .
Varieties Stage Treatment pH Concentration Organic k/{atter Avallabl_el P
1 (g.kg™1) (mg.kg—1)
(gkg™1)
Panicle initiation stage CK 5.74g 1.72cd 29.43d 10.97¢
& BC 6.61bc 2.02a 64.351a 31.97a
. CK 5.81fg 1.66cd 28.91d 10.28¢
Huanghuazhan Heading stage BC 6.73bc 2.06a 65.58a 24.69b
Maturity stage CK 5.89¢f 1.63cd 28.29d 8.8¢
¥y stag BC 6.84ab 1.89b 59.1b 20.5b
Panicle initiation stage CK 6de 1.68cd 28.86d 12.34c
& BC 6.63bc 2.1a 63.56ab 29.14a
. . . CK 5.7¢g 1.67cd 28.38d 9.43¢
Meixiangzhan2 Heading stage BC 6.58¢ 2.05a 65.31a 23.05b
Maturity stage CK 6.02d 1.61d 28.06d 9.34c
¥y stag BC 6.87a 1.74c 49.35¢ 21.79b

The values in the table are presented as means, the same letter in one column means no significant difference,
while different letters mean significant differences among the same group treatment at p < 0.05.

3.3. Soil Available Cd Concentration

Biochar treatment significantly reduced the concentration of available Cd in the soil
(Table 3). Compared with the control, the soil-available Cd concentration was reduced by
23.6-29.59%, 21.19-20.80% and 30.53-33.24% at the panicle initiation stage, heading stage
and maturity stage, respectively, in the biochar treatment compared to the control treatment.
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Table 3. The content of Cd in different periods by biochar treatment.

Total Cd Available Cd
Varieties Stage Treatment Concentration Concentration
(mg.kg—1) (mg.kg~1)
Panicle initiation stage CK 0.615¢ 0.365a
BC 0.521d 0.257b
. CK 0.85%a 0.362a
Huanghuazhan Heading stage BC 0.677be 0.286b
. CK 0.854a 0.366a
Maturity stage BC 0.642¢ 0.244b
Panicle initiation stage CK 0.597¢ 0.344a
BC 0.496d 0.267b
s . CK 0.725b 0.388a
Meixiangzhan2 Heading stage BC 0.605¢ 0.269b
. CK 0.878a 0.357a
Maturity stage BC 0.676bc 0.248b

The values in the table are presented as means, where the same letter in one column means no significant difference,
while different letters mean significant differences among the same group treatment at p < 0.05.

3.4. Effect of Biochar on the Rrhizosphere Microbial Community
3.4.1. Bacterial Community Diversity and Abundance

According to the high-throughput sequencing reads, a similarity level of 97%, ranging
from 2310 to 2427 operational taxonomic units (OTUs), was detected. The rarefaction curve
of all samples approached saturation (Figure 1), indicating that the sequence database can
accurately reflect the diversity and abundance of species communities of rhizosphere soil.
Shannon and Simpson indices were used to compare the abundance of dominant species in
the bacterial community, reflecting the diversity of the bacterial community. Biochar had no
significant effect on the richness and diversity of rice rhizosphere microorganisms (Table 4).
The biochar-treated rhizosphere microbial community still accumulated unique microbial
populations in different fertility periods, with differences by variety and growth stage.
The Venn diagram of OTUs shows that there were familiar OTUs and unique OTUs after
the biochar addition (Figure 2a—c). Different fertility stages had an effect on the changes
in microbial communities, and the enrichment of unique species increased with the rice
growths and development. The endemic OTUs were 21, 30 and 118 for the three periods
(panicle initiation stage, heading stage and maturity stage, respectively) of the biochar
treatment at Huanghuazhan and 16, 70 and 82 at Meixiangzhan?2.

3.4.2. Bacterial Community Structure

The community composition of the rhizosphere soil was changed by biochar treatment.
The dominant species in rhizosphere soil accounted for more than 93% of the detected flora.
Throughout the whole growth period, the abundance of Proteobacteria, Bacteroidetes, Ni-
trospirae and Verrucomicrobia increased in the biochar treatment compared to the control
treatment, while the abundance of Chloroflexi, Acidobacteria, Firmicutes and Actinobacte-
ria decreased (Figure 3). The abundance of Bacteroidates, Nitrospirae and Euryarchaeota,
at the level of phylum, increased with rice maturation, and the abundance of Acidobacteria
and Fitrospirae decreased, which accelerated this trend with the application of biochar.
In particular, Bacteroidates and Fitrospirae had the most significant changes (Figure 3a).
Principal coordinates analysis (PCoA) based on the Bray-Curtis metric also showed that
the rhizosphere microbial communities changed significantly in different periods after
biochar application (Figure 3b). Principal coordinates 1 (PC1) vs. principal coordinates
2 (PC2) accounted for 52.99% of the variation, suggesting that the microbial community
of rhizosphere soil was greatly changed by biochar treatment during different periods of
rice growth. These results further indicated that the rhizosphere microbial community was
significantly altered by the application of biochar at different rice growth stages.
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Figure 1. Rarefaction analyses of multi samples.
Table 4. Diversity and abundance indices of species of samples.
Richness Index Diversity Index
Varieties Stage Treatment
ACE Chaol Simpson Shannon
Panicle initiation stage CK 2302.599ab 2336.273a 0.997a 9.7145a
& BC 2289.064abc 2310.65ab 0.9965a 9.5742a
Huanehuazhan Heading stage CK 2252.6464abc 2263.174ab 0.9966a 9.5353a
& & stag BC 2269.816abc  2290.751ab 0.997a 9.6272a
Maturity stage CK 2121.454d 2149.383¢ 0.997a 9.5964a
y stag BC 2114.756d 2140.713¢ 0.9965a 9.5967a
Panicle initiation stage CK 2271.278abc 2293.013ab 0.9975a 9.7879a
& BC 2200.051bcd 2214.644bc 0.997a 9.6706a
Meixiangzhan? Heading stage CK 2314.535a 2334.605a 0.9975a 9.8159a
& & stag BC 2266.177abc  2283.945ab 0.9965a 9.6309a
Maturity stage CK 2182.848cd 2204.73bc 0.9969a 9.6999a
y stag BC 2266.117abc  2292.072ab 0.9967a 9.7393a

The same letter in one column means no significant difference, while different letters mean significant differences
among the same group treatment at p < 0.05.

3.4.3. Specific Bacterial Assemblages in the Rhizosphere

The taxonomic cladogram line discriminant analysis effect size (LEfSe) suggested that
the predominant discriminant taxa of the bacterial communities in the rhizosphere soil of
the biochar treatment in different periods (Figure 4). With the biochar application, the
Huanghuazhan rhizosphere was enriched in Proteobacteria (including the family Rhodocy-
claceae) at the panicle initiation stage, Proteobacteria (including the families Burkholderiaceae
and Nitrosomonadaceae) and some microbes that belong to the phylum Nitrospirae at the
heading stage and Bacteroidetes (including the orders Ignavibacteriales and Bacteroidales)
at the maturity stage (Figure 4a). In the Meixiangzhan? rhizosphere, biochar treatment
facilitated the colonization of Bacteroidetes (including the family Burkholderiaceae and the
order Ignavibacteriales) at the panicle initiation stage. At the heading stage with biochar treat-
ment, Chloroflexi (including the family Anaerolineaceae) was observed. In Meixiangzhan?2,
the rhizosphere was enriched in Bacteroidetes (including the orders Ignavibacteriales and
Bacteroidales) at the maturity stage (Figure 4b). Under biochar treatment, the fixation of
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some microbes is promoted in different varieties, such as Bacteroidetes_vadinHA17, which
belongs to the phylum Bacteroidetes.

HCK MBC

HCK

Figure 2. Venn diagram of common and unique OTUs present in microbial communities at different
conditions. HBC means the biochar treatment in Huanghuanzhan, HCK means the control treatment
in Huanghuanzhan, MBC means the biochar treatment in Meixiangzhan2, MCK means the control
treatment in Meixiangzhan?2; (a) panicle initiation stage; (b) heading stage; (c) maturity stage.

3.4.4. Environmental Factors Associated with the Microbial Community

Redundancy analysis (RDA) suggested that the environmental factors pH, SOM, AP,
TN and available Cd (ACd) were significantly positively or negatively correlated with
microbes (Figure 5). PH, TN, SOM and AP were positively correlated with the phyla Pro-
teobacteria, Bacteroidetes, Nitrospirae and Verrucomicrobia and negatively correlated with
the phyla Chloroflexi, Acidobacteria, Actinobacteria and Firmicutes. The correlation with
ACd was reversed. The RDA results further revealed that biochar treatment could indirectly
affect the rhizosphere microbial community structure by altering the soil physicochemical
properties and Cd content.
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Figure 3. Mean relative abundance of microbe phyla in different conditions (a). Principal coordinate
analysis (PCoA) (b) of microbes in different conditions using the Bray—Curtis metric. The x- and
y-axes in panel (b) are indicated by the first and second coordinates, respectively, and the values in
parentheses show the percentages of the community variation explained.
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Figure 4. A taxonomic cladogram of Line Discriminant Analysis Effect Size (LEfSe) effect size for
a comparison of samples collected from the rhizosphere of (a) the varieties of Huanghuazhan and
(b) the varieties of Meixiangzhan2 in Cd soils. The discriminant taxon nodes are colored and branches
are shaded according to the highest-ranked group for that taxon. The yellow nodes represent the
microbial groups that did not play an important role in different groups, and no condition was found
here (LDA > 4). If a taxon does not represent significant differences among sample groups, the
corresponding node is yellow. The selected highly abundant taxa are indicated with letters.
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Figure 5. Redundancy analysis (RDA) including dominant bacterial community in different rice
growth stages and soil properties as explanatory variables. RDA1 and RDAZ2 stand for two com-
ponents reflects the sample difference to the greatest extent. The percentage stand for component
contribution rate. The point represents the sample. The blue letters represent the top 10 dominant
bacterial community and the gray arrows represent different environmental factors.

4. Discussion
4.1. Effects of Biochar Aging on Soil Physicochemical Properties and Available Cd Concentration

Rice soil physical and chemical properties have important effects on heavy metal
morphology and heavy metal absorption by rice and have important effects on soil effective
cadmium concentrations [38,39]. The acidification of paddy soil resulted in a decline in
soil fertility and the activation of heavy metals [6]. Previous studies showed that biochar
improved soil properties and nutrient content [40,41]. The immobilization of heavy metals
in soil were affected by the application time of biochar, and the contents of Cd and Cu in
soil decreased in two years [27,42]. Our results suggest that the application of rice straw
biochar after four years significantly increased the soil pH, SOM, TN and AP (Table 2),
while decreased the soil Cd concentration significantly (Table 3). Our result is similar
with the findings that the addition of biochar to the soil continuously increased the soil
pH and organic matter, thereby reducing the soil available Cd concentration [38]. The
considerable Increased soil pH might be that biochar is rich in organic functional groups
(e.g., OH, COOH, R-OH), which was attributed to cation exchange capacity (ECE), and
ash content combines with A1** and H* in the soil to reduce acidity [12,43]. In addition,
biochar increases soil organic matter by promoting the release of its own soluble organic
matter and the formation of soil agglomerates as it ages in the soil [12,44]. Meanwhile,
biochar provides suitable habitat for microorganisms and accelerates the transformation of
soil organic matter [14].

In addition, biochar immobilizes heavy metals in soil through complexation, adsorp-
tion, coprecipitation and ion exchange [45]. The immobilization of heavy metals by biochar
was affected by soil pH (Table 2); with the increase of soil pH, the negative surface charge
was increased, thus increasing the adsorption capacity of metals [45]. In higher pH soil,
acid-extractable Cd could be converted to greater oxidization by biochar [3].

4.2. Effects of Biochar Aging on Rhizosphere Microbial Community Structure Composition

Rhizosphere microorganisms can directly or indirectly drive the transformation of the
active state of soil heavy metals to stable forms, thus reducing the plant uptake of heavy
metals [14]. The microporous structure and nutrients of biochar provide a habitat and
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nutrient substrate for the reproduction of microbial communities [25]. Our results suggest
that the composition of rhizosphere microbial communities was significantly changed
by biochar application after four years (Figure 4). The relative abundance of the phyla
Proteobacteria, Bacteroidetes, Nitrospirae and Verrucomicrobia was increased under biochar
application, while the relative abundance of the phyla Chloroflexi, Acidobacteria, Firmicutes
and Actinobacteria was decreased. Proteobacteria had the highest relative abundance of
30.52-42.50%, which is consistent with the findings of Zhang et al. [46] and Fan et al. [19].
Zheng et al. [47] also showed that the relative abundance of Acidobacteria was decreased
and the soil pH was increased significantly in biochar treatment. Actinobacteria has been
reported play an important role in the degradation of organic matter [48]. Biochar applica-
tion reduced the relative abundance of Actinobacteria in Cd-contaminated soil, possibly due
to synergistic effects [25].

Meanwhile, it was observed that four bacteria, Proteobacteria (including the families
Rhodocyclaceae, Burkholderiaceae and Nitrosomonadaceae), Chloroflexi (including the fami-
lies Anaerolineaceae), Bacteroidetes (including the orders Ignavibacteriales and Bacteroidales)
and Nitrospirae were enhanced after four years of biochar treatment (Figure 4), which
was previously confirmed to promote nutrient cycling and heavy metal immobilization.
Rhodocyclaceae (phylum Proteobacteria) exhibits high resistance to heavy metals in contam-
inated soil and can form a special protective film at the rhizosphere to inhibit cadmium
uptake by rice roots [49]. Alphaproteobacteria was found to have a positive correlation with
Na*, and Gemmatimonadetes was also found have a positive correlation with total phospho-
rus (TP) [50]. Burkholderiaceae may be involved in plant growth, nitrogen fixation and the
degradation of pollutants [46]. Studies have shown that Burkholderiaceae indirectly alters
the availability of micronutrients and cadmium in rhizosphere soil by promoting the iron-
nitrogen coupling cycle [51]. In addition, biochar treatment increased the abundance of the
Nitrospirae phylum, which altered the abundance of bacterial communities associated with
the nitrogen cycle in the soil, thus affecting the microbial mechanisms of soil nitrogen leach-
ing [52]. Anaerolineaceae (phylum Chloroflexi) degrades organic matter and fix available
Cd by synergistic interaction with methane metabolism microbiota, while also interacting
with other microorganisms to reduce the toxic effects of heavy metals [7,12]. Bacteroidales
play an important role in the decomposition of toxic and nondegradable carbohydrates and
polycyclic aromatic hydrocarbons (PAHSs) in soil [53]. Biochar application promoted the
enrichment of the orders Ignavibacteriales and Bacteroidales in the rice rhizosphere. These
results all indicate that biochar treatment can promote the colonization of Cd-resistant
rhizosphere microbial populations.

4.3. Effects of Aging Biochar on Rice Uptake of Cd

The growth of rice in Cd- and Pb-contaminated soil was inhibited, and the metal
accumulation increased [54]. However, the contents of chlorophyll a, b and total chlorophyll
were significantly enhanced by biochar addition [55]. In addition, the addition of biochar
significantly stimulated plant growth as compared to the control. Indeed, the shoot biomass,
grain yield, number of tillers and the height of tillers all improved significantly [56].

The available Cd content in soil plays an important role in the uptake and accumulation
by plants. This study showed that the biochar treatment after four years reduced the Cd
concentrations in various parts of rice (Table 1) due to the increase in soil pH and SOM
and the enrichment of rhizosphere microbes during the biochar aging process, which
fixed soil-available Cd and indirectly inhibited the transfer of Cd to aboveground parts
of rice [57] (Table 2). Yin et al. [58] reported that biochar reduced porewater Cd in the
rhizosphere, resulting in a remarkable reduction in grains. Biochar also promotes the
absorption of mineral elements, such as Mg, Zn and Fe, by rice, which competes with soil
Cd for the same transporter vector, thus reducing Cd uptake and transport in rice [59].
In this study, it was also found that some specific microbial populations were enriched
in the rice rhizosphere during the biochar aging process, which promoted soil available
Cd fixation (Figures 3 and 4). These microorganisms formed a special protection system
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in the rhizosphere to inhibit rice root Cd uptake. However, the mechanism of soil Cd
fixation by specific microbial-assisted biochar enriched in the rhizosphere is not well
understood, which may be due to the uptake of Cd by the rhizosphere microbes themselves,
the symbiotic occupation of Cd absorption sites with rice roots, or the modification of the
chemical form of Cd in the soil or plant. However, the exact mechanism of action needs to
be further investigated.

5. Conclusions

Our results showed that biochar could improve soil properties and reduce Cd accu-
mulation in rice after being applied to soil for many years. Moreover, biochar changed
the rhizosphere bacterial community structure composition (phyla level) in all stages. The
relative abundance of Proteobacteria, Bacteroidetes and Nitrospirae was increased, while the
relative abundance of Chloroflexi, Acidobacteria and Actinobacteria was decreased. Mean-
while, the application of biochar enriched Rhodocyclaceae, Burkholderiaceae, Nitrosomonadaceae,
Anaerolineaceae, Ignavibacteriales and Bacteroidales, which may contribute to the reduction of
Cd uptake and accumulation in rice. However, the causal relationship between biochar
enrichment in specific Cd-resistant bacterial communities and the function of Cd fixation
by rhizosphere bacterial communities has not been fully demonstrated and analyzed, and
further studies are needed.
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