
1

Vol.:(0123456789)

Scientific Reports |        (2024) 14:19986  | https://doi.org/10.1038/s41598-024-70932-3

www.nature.com/scientificreports

Impact of biochar 
on the degradation rates 
of three pesticides by vegetables 
and its effects on soil bacterial 
communities under greenhouse 
conditions
Caixia Sun 1*, Yuhong Liu 1, Ke Bei 2, Weiran Zheng 1, Qinfei Wang 3 & Qiang Wang 1

A 28 days pesticide degradation experiment was conducted for broccoli (Brassica oleracea L. var. 
italica Planch) and pakchoi (Brassica chinensis L.) with three pesticides (chlorantraniliprole (CAP), 
haloxyfop-etotyl (HPM), and indoxacarb (IXB)) to explore the effects of biochar on pesticide 
environmental fate and rhizosphere soil diversity. Rice straw biochar (RB) was applied to soil at 
a 25.00 t ha−1 dosage under greenhouse conditions, and its effects on the degradation of three 
pesticides in vegetables and in soil were investigated individually. Overall, RB application effectively 
facilitated CAP and HPM degradation in broccoli by 13.51–39.42% and in broccoli soil by 23.80–
74.10%, respectively. RB application slowed the degradation of CAP, HPM and IXB in pakchoi by 0.00–
57.17% and slowed the degradation of CAP in pakchoi by 37.32–43.40%. The results showed that the 
effect of RB application on pesticide degradation in crops and soil was related to biochar properties, 
pesticide solubility, plant growth status, and soil characteristics. Rhizosphere soil microorganisms 
were also investigated, and the results showed that biochar application may be valuable for altering 
bacterial richness and diversity. The effect of biochar application on pesticide residues in crops and 
soil was influenced by the vegetable variety first, and the second was pesticide characteristics. RB 
applied to soil at a 25.00 t ha−1 dosage under greenhouse conditions is recommended for broccoli 
production to ensure food safety. Our results suggested that biochar application in soil could reduce 
pesticide non-point source pollution, especially for highly soluble pesticides, and could affect soil 
microorganisms.

Keywords  Rice straw biochar (RB), Chlorantraniliprole (CAP), Haloxyfop-etotyl (HPM), Indoxacarb (IXB), 
Degradation, Soil microorganisms

Pesticides have posed soil non-point pollution and human health risks1. A global pesticide study for agricul-
tural soils revealed 387 different pesticides, such as alachlor, which had the highest average concentration of 
9.6 mg kg−1, and hexazinone, which had an average concentration of 8.3 mg kg−12. Pesticides can contaminate the 
soil environment through several routes, and ppt–ppm ranges of pesticide residues have been reported3. As the 
excessive quantity and long duration of pesticide application will remain in agricultural soil for a long time, it is 
necessary to develop effective non-point pollution control measures and ecofriendly remediation technologies 
for agricultural soils contaminated with pesticides.

Broccoli (Brassica oleracea L. var. italica Planch) and pakchoi (Brassica chinensis L.), two dominant vegetable 
species, are major foods of the Chinese diet, especially in Zhejiang Province. With increasingly high living quality 
and dietary diversity requirements, vegetable planting areas and consumption amounts have increased annually. 
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Pesticides are necessary plant protection products in modern agriculture, and their application quantity is much 
greater in greenhouse-planted vegetable production. However, pesticides threaten the soil environment and 
human health due to their toxicity and improper use. Chlorantraniliprole (CAP), haloxyfop-etotyl (HPM), and 
indoxacarb (IXB) are three commonly used pesticides in broccoli and pakchoi production, with CAP and IXB 
being insecticides, and HPM being applied as a herbicide. Field studies have shown that CAP degrades slowly 
in soil, water, and sediment and poses a high risk of river and underwater contamination due to its high leach-
ing potential4,5. HPM is highly toxic to aquatic organisms and may have long-term adverse effects on the water 
environment6,7. IXB is a new non-systemic insecticide belonging to the oxadiazine group and is metabolized 
by insect esterases8. Further studies are required to control the pollution caused by these three commonly used 
pesticides in broccoli and pakchoi production, and the effectiveness and efficiency of biochar amendments need 
to be verified.

Biochar, a multifunctional carbon-rich material, is derived from life activities and plant-derived agroforestry 
biomass waste. Previous studies have shown that due to its good absorption ability, biochar favorably affects pes-
ticide environmental behavior, including pesticide migration control in soil, reduced agricultural safety caused 
by pesticides, and environmental safety problems linked to pesticide contamination9,10. Former studies have 
shown that biochars are potential sorbent for a variety of organic pollutants including pesticides because of 
their specific surface characteristics11–13. After entering environmental media, pesticides undergo degradation, 
migration, and other behaviors14,15. Pesticides environmental fate are determined by several factors, such as 
environmental conditions and physical, chemical, and biological degradation processes16,17. Biochar addition to 
soil will change soil characteristic including adsorption ability, pH value, soil bulk density, and thus will influ-
ence pesticide fate and transformation in environment18. Moreover, studies have reported that biochar addition 
to soil could shift the bacterial community and thus improve soil quality19, and influences the soil environment, 
including soil aggregation, pH, nutrient retention, and rhizosphere microorganism diversity and richness20. Field 
trials revealed that biochar application to soil could reduce the bioavailability and plant uptake of pesticides at 
the same time21,22. However, biochar amendments applied to soils do not always result in positive results, which 
could lead to greater pesticide accumulation because of their strong absorption ability or increased pesticide 
half-lives23,24. Factors, including soil properties, biochar types, pesticide characteristics, and crop types, may 
influence the bioavailability reduction degree of biochar application. Thus, the effects of biochar application on 
farmland differ greatly25–28.

Rice straw biochar (RB) originates from rice production and is produced from rice straw at temperatures 
of approximately 450 °C. Approximately 600–800 million tons of rice straw are produced annually in Asian 
countries29. Thus, RB is an appealing choice for pesticide non-point control during vegetable production because 
of its feasible large-scale production, cost-effective performance, and eco-friendly environmental impact. Studies 
have focused mainly on the ability of biochar to absorb pesticides, as well as the effects of biochar on pesticide 
degradation30–32. Systematic research on the effects of biochar application at the farmland scale is necessary 
to study pesticide residue dynamics, the effects on rhizosphere soil bacteria of typical crops, and the effects of 
biochar application on soil improvement mechanisms.

Therefore, we carried out a farm-scale trial to explore the effect of RB on three pesticides applied to broccoli, 
pakchoi and soil under greenhouse conditions. The effects of RB application on the degradation of pesticides 
and soil were studied individually, and its effects on soil bacterial communities under greenhouse conditions 
were investigated at the same time. Our aims were (1) to obtain quantitative data of the impact of RB application 
on the degradation rates of CAP, HPM, and IXB in broccoli, pakchoi (two typical crops), and its effect on these 
three pesticides degradation rates in soil; (2) to evaluate the impact of RB application on soil bacterial communi-
ties under greenhouse conditions with broccoli and pakchoi planting; and (3) to reveal the factors affecting the 
effectiveness of RB application on pesticide degradation.

Materials and methods
Biochar and pesticides
RB, which was heated at a rate of 5–10 °C min−1 and treated at 400–450 °C, was supplied by the Biomass Car-
bon Engineering Center of the Zhejiang Academy of Agricultural Sciences. Table 1 displays the physical and 
chemical characteristics of RB and the soil. RB had a pH of 6.78, a large amount of C (51.24%), and a large 
Brunauer–Emmet–Teller (BET) area (144.79 m2 g−1). The NMR characterization of RB are shown in Fig. 1. 
Figure 1 shows that there were three main regions of the spectrum information regarding the overall structure 
of the RB. The chemical shifts between 0 and 45 ppm were likely related to alkyl carbon. Aromatic carbon was 
present between 103 and 165 ppm, and carboayl carbon was present between165 and 220 ppm.

The chromatographic grade reagents were supplied by Aladdin Reagent Co., Ltd, Shanghai, China. Water of 
chromatographic grade was supplied by Wahaha Co., Ltd, Hangzhou, China. The CAP, HPM and IXB standard 
of 99% purity was supplied by Dr. Ehrenstorfer Co., Ltd, Germany. The trade name, active ingredient and the 
structures and physio-chemical properties of these three commercial pesticides is shown in Table 233,34. Com-
mercial CAP, HPM and IXB were purchased from local farmers’ markets and were sprayed in October 2021 at low 

Table 1.   Properties of rice straw biochar (RB) and soil. BET means Brunner − Emmet − Teller (BET) 
measurements for surface area.

Material pH N (%) C (%) H (%) S (%) O (%) Density (g·cm−3) BET (m2 g−1)

RB 6.78 1.16 51.42 2.41 0.33 44.68 0.35 144.79
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and high doses at the late growth stage of broccoli and pakchoi. The low dosage meant the commercial pesticides 
recommended dosage according to the manufacturer’s instructions, and the active ingredient of CAP, HPM and 
IXB were 41.25, 80.00 and 22.00 g a.i.ha−1, respectively. The high dosage meant the 1.5 times of the commercial 
pesticides recommended dosage, and the active ingredient of CAP, HPM and IXB were 61.87, 120.00 and 33.00 
g a.i.ha−1, respectively. The dosages used are shown in Table 3.

Greenhouse experimental design
The experiment was conducted under greenhouse conditions from May 2021 to November 2021 in Shaox-
ing (30° 04′ N, 120° 64′ E) city. The soil characteristics were as follows: 21.4 g kg−1 organic material content, 
0.59 g kg−1 total K content (K2O), 0.43 g kg−1 total P content (P2O5), 1.28 g kg−1 total N content, and pH value 
of 6.62.
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Fig.1.   Nuclear magnetic resonance (NMR) curve of the WSB characterization.

Table 2.   Structures and physiochemical properties of three pesticides.

Items Chlorantraniliprole (CAP) Haloxyfop-etotyl (HPM) Indoxacarb (IXB)

Structure

Trade name Dupont company (America) Sichuan Weikeqi Biotechnology Co., Ltd Dupont company (America)

Active ingredient 35% water dispersible granules (DF) 30% emulsifiable concentrate (EC) 15% emulsifiable concentrate (EC)

CAS registry no 500008-45-7 69806-34-4 144171-61-9

Molecular formula C18H14BrCl2N5O2 C15H11ClF3NO4 C22H17ClF3N3O7

Molecular weight (g mol−1) 483.152 361.7 527.1

Melting point (°C) 208–210 107.5 139–141

Vapor pressure (25 °C, Pa) 2.1 × 10−8 1.33 × 10−3 2.13 × 10−4

Solubility (mg L−1) 1.023 43.3  < 0.5

Log Kow 2.76 3.12 4.65

Kd 3.18 – 46.3

Koc (mL g−1) 304.1 – 4483
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Three replicates of the experimental plots were used, and the five treatments were carried out as follows: (i) 
T1: Without RB and with low pesticide doses; (ii) T2: Without RB and with high pesticide doses; (iii) T3: With 
RB and low pesticide doses; (iv) T4: With RB and high pesticide doses; and (v) CK: Three plots without RB and 
pesticides applied (control). With three replicates of each treatment and three blank plots with a width of 1 m 
separating them, each plot had an area of 40 m2. Thus, there were 15 plots for broccoli and 15 plots for pakchoi, 
for a total of 30 plots. RB was applied to the field plots in April and August 2021 at a rate of 25 t ha−1 (5% v/v 
to rhizosphere soil 15 cm above), and the RB was mixed thoroughly with the root soil one month prior to the 
experiment.

Three pesticides were applied in October 2021, which was at the late growth stage of broccoli and pakchoi. 
During the pesticide application period in October 2021, the trial conditions in the greenhouse were: daily air 
temperature changed from 18 to 26 °C, and the relative humidity varied between 50 and 64%.

The ripe parts of broccoli flowers and pakchoi leaves, and soil samples were collected after pesticide applica-
tion at the following intervals: 2 h, and 1, 3, 5, 7, 14, 21, and 28 days. Crop samples of 200 g, including broccoli 
and pakchoi, were collected from each experimental plot, homogenized and immediately stored at − 20 °C. Soil 
samples for pesticide residue detection and microorganism detection (200 g) were collected from rhizosphere 
soil 2 cm from the plant roots using the ‘five-point method’. For ‘five-point method’, we first determined the 
midpoint of the trial plot as the center sampling point, then selected four points on the diagonal that were equi-
distant from the center sample as the sample points, and there were five sample points in total. Soil samples from 
the five sample points were collected and mixed together as one experimental plot sample. The collected soil 
samples were sieved through 2 mm mesh on the sampling day, and then stored at − 20 °C for pesticide residue 
detection. For soil bacterial communities samples, the soil samples were put into sterile sampling bag and then 
stored at − 80 °C for further detection35,36.

Sample analysis
Pesticide residue analysis
The QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) method was used for pesticide analysis in 
broccoli, pakchoi, and soil samples. The method utilized for pesticide analysis was liquid chromatography–tan-
dem mass spectrometry (LC‒MS/MS)37,38. Table 4 lists the specific detection parameters for the three pesticides.

Soil DNA extraction and quantitative polymerase chain reaction (PCR) analysis
Microbial community genomic DNA was extracted from soil samples using the E.Z.N.A.® soil DNA Kit (Omega 
Bio-tek, Norcross, GA, U.S.) according to manufacturer’s instructions. TE buffer with 1 mM EDTA and 10 mM 
Tris–HCl, and a pH at 8.0, was used for soil DNA dilution and then stored at − 20 °C for further use39–41. TruSe-
qTM DNA Sample Prep Kit (OMEGA, USA) following the manufacturer’s instructions. The primer pairs 338F 
(5′-ACT​CCT​ACG​GGA​GGC​AGC​AG-3′) and 806R (5′-GGA​CTA​CHVGGG​TWT​CTAAT-3′) were used to amplify 
theV3–V4 regions of the bacterial 16S rRNA genes42,43. The PCR amplification of 16S rRNA gene was performed 
as follows: initial denaturation at 95 °C for 3 min, followed by 27 cycles of denaturing at 95 °C for 30 s, annealing 
at 55 °C for 30 s and extension at 72 °C for 45 s, and single extension at 72 °C for 10 min, and end at 4 °C. The 
PCR mixtures contain 5 × TransStart FastPfu buffer 4 μL, 2.5 mM dNTPs 2 μL, forward primer (5 μM) 0.8 μL, 
reverse primer (5 μM) 0.8 μL, TransStart FastPfu DNA Polymerase 0.4 μL, template DNA 10 ng, and finally 
ddH2O up to 20 μL.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using UPARSE version 7.1, 
and venn diagram of bacterial diversity analysis at the class level was performed44,45.

Quality control and data analysis
The matrix effects on the soil, soil biochar, and vegetables (broccoli and pakchoi) were investigated during the 
pesticide detection period. Matrix effects were evaluated using the formula B/A × 100%, where A represents 

Table 3.   Dosages of the three pesticides used in different trials (g a.i.ha−1).

Pesticides Low dosage (recommended dosage) High dosage (1.5 times the recommended dosage)

Chlorantraniliprole, CAP 41.25 61.87

Haloxyfop-r-methyl, HPM 80.00 120.00

Indoxacarb, IXB 22.00 33.00

Table 4.   Detection parameters of the three pesticides. CAP chlorantraniliprole, HPM haloxyfop-etotyl, IXB 
indoxacarb, LOD limit of detection, m/z mass-to-charge ratio.

Pesticides Retention time m/z LOD ( μg kg-1)

CAP 1.552 484.00 > 452.90 5.00

HPM 1.004 528.10 > 150.10 0.66

IXB 1.506 484.00 > 452.90 1.89
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the slope of the solvent standard and B represents the matrix-matched calibration curve. A comparison of the 
matrix-matched calibration and solvent calibration results is presented in Table 5. The slope ratios of CAP, HPM, 
and IXB were within 10% of the slope ratio of 1.0 (106.69–83.16%). Therefore, the matrix effects of the three 
pesticides in soil, soil–biochar, broccoli, and pakchoi were negligible46.

Pesticide degradation study
In the field trials, the pesticide dissipation process conformed to first-order kinetics. The degradation rate con-
stant and half-lives can be calculated by the first-order rate equation Ct = C0

−kt, where Ct represents the concen-
tration of the pesticide residue at time t, C0 represents the initial concentration after application, and k is the 
degradation rate constant (days−1). The half-life (t1/2) is calculated by the equation t1/2 = ln2/k47,48.

A scatter plot and the degradation dynamics equation were visualized using Origin 2021.
The Ethics Committee of Zhejiang Academy of Agricultural Sciences approved the study, and Institute of Agro-
product Safety and Nutrition organized the field experiment. The methods in the study were carried out in 
accordance with the ethical standards and guidelines of the Ethics Committee of Zhejiang Academy of Agri-
cultural Sciences.

Ethical approval and consent to participate
All authors have read, understood, and complied as applicable with the statement on “Ethical responsibilities of 
Authors”, as found in the Instructions for Authors.

Results and discussion
Impact of biochar on the degradation rates of three pesticides in broccoli and soil
The dynamic residues of CAP in broccoli and soil are shown in Figs. 2 and S1. CAP degradation in broc-
coli and soil was fitted to a first-order equation. As shown in Fig. 1A, the half-lives of CAP on broccoli were 
5.680–9.000 days without RB application and 4.915–5.456 days with RB application. As shown in Fig. 1B, the 
half-lives of CAP in soil were 8.349–9.000 days with RB application and 6.357–6.663 days without RB application. 
For CAP in broccoli and soil, 5% (v/v) RB amendment in soil significantly affected the CAP degradation rate. 
The results showed that RB application greatly changed the CAP degradation dynamics in broccoli and soil. RB 
application shortened the half-life by 13.46–39.37% in broccoli and 23.86–25.96% in soil. The results showed 
that RB application facilitated CAP degradation in broccoli and soil.

The effects of the dynamic residue of HPM in broccoli and soil are shown in Figs. 3 and S2. HPM is a com-
monly used herbicide. As shown in Fig. 3A, when HPM was applied to broccoli, the half-lives of HPM were 
5.588–6.187 days without RB application and 3.572–4.225 days with RB application. As shown in Fig. 3B, the 
half-lives of HPM in broccoli soil were 6.132–7.700 days without RB application and 1.997–3.667 days with RB 
application. The results showed that RB application greatly changed the HPM degradation dynamics in broccoli 
and soil. RB application shortened the half-life by 24.39–42.26% in broccoli and 40.19–74.06% in soil. The results 
showed that RB application facilitated HPM degradation in broccoli and soil.

The effects of the dynamic residue of IXB on broccoli and soil are shown in Figs. 4 and S3. As shown in 
Fig. 4A, when IXB was applied to broccoli, its half-lives were 4.985–5.211 days without RB application and 
3.850–5.634 days with RB application. The results showed that at a high IXB dosage, RB application accel-
erated IXB degradation in broccoli by 22.76% at high IXB dosage, while at low IXB dosage, RB application 
slowed IXB degradation in broccoli by 8.117%. As shown in Fig. 4B, the half-lives of IXB in broccoli soil were 
9.118–13.32 days without RB application and 9.118–18.16 days with RB application. RB application slowed IXB 
degradation in broccoli soil by 46.08% at high IXB dosage, and accelerated IXB degradation in broccoli soil by 
49.79%at low IXB dosage.

Table 5.   Matrix effect of three pesticides under different trials. CAP chlorantraniliprole, HPM haloxyfop-
etotyl, IXB indoxacarb.

Pesticides Matrix Matrix effect (%)

CAP

Pakchoi 83.16 ± 2.58

Soil 91.36 ± 3.26

Soil–biochar 88.09 ± 4.35

Broccoli 84.50 ± 4.08

HPM

Pakchoi 89.39 ± 3.26

Soil 85.09 ± 4.38

Soil–biochar 85.06 ± 3.68

Broccoli 85.13 ± 2.68

IXB

Pakchoi 85.95 ± 3.86

Soil 102.19 ± 5.23

Soil–biochar 106.69 ± 3.65

Broccoli 86.06 ± 6.23
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Fig. 2.   CAP degradation in broccoli (A) and soil (B). Note CAP means chlorantraniliprole, and RB means rice 
straw biochar.
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Fig. 3.   HPM degradation in broccoli (A) and soil (B). Note HPM means haloxyfop-etotyl, and RB means rice 
straw biochar.
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Studies have shown that pesticide degradation is influenced by factors such as sunlight, rainfall, and wind, 
and it is worth noticing that soil microbial activity is also a key factor in pesticide degradation. Broccoli flowers 
at the late growth stage, but their leaves and stems are usually not eaten and make up 60–75% of the total plant 
biomass. We collected ripe broccoli flowers for pesticide analysis. Three applications occurred during the late 
growth stage of broccoli, and the biomass did not significantly change during this period. The major factors that 
led to these differences were pesticide characteristics. CAP and HPM had higher solubility than IXB, and RB 
addition accelerated broccoli growth and enhanced rhizosphere soil bacterial abundance, thus promoting CAP 
and HPM degradation in both broccoli and soil. As a reduced-risk broad-spectrum insecticide, IXB has strong 
permeability, and the effect of RB addition on its degradation rate was different from that of CAP and HPM49–51. 
Former studies have shown that as broccoli leaves and flowers had more developed wax layer on the cuticle, 
three pesticides applied on broccoli probably did not enter the plant tissue. RB addition improves soil organic 
matter (SOM) content, which is a dynamic soil component that can control the sorption and degradation of 
pesticides and improve broccoli growth52. Our results showed that, for these three pesticides applied in broc-
coli, RB application facilitated CAP and HPM degradation both in soil and broccoli. For IXB degradation, the 
effect of RB application was not stable both in soil and broccoli due to its strong permeability and low solubility.

Impact of biochar on the degradation rates of three pesticides in pakchoi and soil
The effects of the dynamic residue of CAP on pakchoi and soil are shown in Figs. 5 and S4. As shown in Fig. 5A, 
when CAP was applied to pakchoi, the half-lives of CAP were 7.875–10.19 days without RB application and 
10.50–12.37 days with RB application. As shown in Fig. 5B, the half-lives of CAP in pakchoi soil without RB 
application and with RB application were 4.846–5.456 days and 6.132–6.300 days, respectively. The results showed 
that for CAP in pakchoi and soil, amendment with 5% (v/v) RB slowed the degradation rate at both high and low 
doses. The degree of degradation was 3.042–57.07% in pakchoi and 15.46–26.53% in soil.

The effects of the dynamic residue of HPM on pakchoi and soil are shown in Figs. 6 and S5. As shown in 
Fig. 6A, when HPM was applied to pakchoi, the half-lives of HPM were 2.075–2.093 days without RB applica-
tion and 2.875–2.974 days with RB application. As shown in Fig. 6B, the half-lives of HPM in pakchoi soil were 
5.500–5.634 days without RB application and 4.746–5.058 days with RB application. For HPM in pakchoi and 
soil, amendment with 5% (v/v) RB slowed HPM degradation in pakchoi by 37.36–43.42% and accelerated HPM 
degradation in pakchoi soil by 10.22–13.71%.

The effects of the dynamic residue of IXB on pakchoi and soil are shown in Figs. 7 and S6. As shown in 
Fig. 6A, the half-lives of IXB in pakchoi were 8.884–10.19 days without RB application and 8.884–10.50 days 
with RB application. As shown in Fig. 6B, the half-lives of IXB in pakchoi soil were 6.663–8.250 days without RB 
application and 7.372–9.240 days with RB application. For IXB in pakchoi and soil, amendment with 5% (v/v) RB 
slowed the degradation rate of IXB in pakchoi by 0–3.04% and slowed IXB degradation in soil by 10.64–12.00%. 
Pakchoi is a leafy vegetable, and its biomass increases significantly at the later stage of growth. With the effect of 
pakchoi root exudation, these three pesticides exhibited reduced mobility after being adsorbed onto biochar53,54.

For the three pesticides in pakchoi leaves, RB addition accelerated CAP degradation in pakchoi at a high dose 
and slowed CAP degradation at a low dose. RB addition slowed HPM degradation in pakchoi both at high dose 
and low dose. For the three pesticides in the soil, RB addition slowed the degradation of CAP and IXB at both 
high and low doses. Pakchoi belongs to leafty vegetable. Former study showed that the pesticide metabolites of 
the highest concentration and the largest variety were detected in the leaves and it was considered that leaves 
were the target organ of pesticide contact and biotransformation55. As pakchoi was planted under greenhouse 
conditions, and the result showed that pesticide metabolites were influenced by the harvest interval, and it was 
consistent with the former results56. Compared to the wax layer cuticle of broccoli leaves and flowers, the leaves 
of pakchoi were smooth and this made pesticide penetration easier to happen. Our results showed that, for these 
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three pesticides applied in pakchoi, RB application only facilitated HPM degradation in soil, but slowed the 
degradation rate of CAP and IXB degradation in both soil and leaves. In comparison to broccoli, the biomass 
production of pakchoi was less in a 28-day pre-harvest interval (PHI) before late growth stage. On this occasion, 
the residue levels and pesticide metabolite decreased supposedly in relation to plant biomass and growing phase. 
Thus the impact of biochar on the degradation rate of pesticides was influenced by vegetable variety mostly.

Summary of the effects of RB on complex pesticide degradation
The results showed that dissipation of the pesticides followed the first-order kinetics and the half-lives was 
consistent with previous studies57–59. This experiment was conducted under greenhouse field conditions with 
complex pesticides, including CAP, HPM, and IXB. Overall, with the addition of 5% (v/v) RB to the rhizosphere 
soil, the effects of RB on the three pesticides and soil are shown in Fig. 8 and Table 6.

For the role of pesticides adsorption onto RB and the degradation rate alteration, adsorption procedure is 
an important process that determines pesticide environmental fate in soil and thus influence their degradation 
in vegetables. Initially, pesticide molecules are retained on the surface of solid particles, and this procedure is 
mainly physico-chemical process through mechanisms including van der Waals forces, hydrogen bonding, ionic 
bonding and covalent bonding60. Pesticide molecules can also penetrate and be trapped within the pores of soil 
and biochar. The physical and chemical adsorption on biochar reduces the migration and transformation of 
pesticides. Biochar has many functional groups and thus will enhance the combination between pesticides and 
biochar61. Additionally, biochar displays high efficiency in improving sorption capacity of the soil to pesticides, 
and accelerates pesticides degradation62. In addition, biochar provides large amount of dissolved organic carbon 
and will facilitate plant growth, and in biochar-soil-root system, pesticide degradation will be changed63.
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The effect of RB on pesticide degradation dynamics may be affected by compound factors, including biochar 
type, pesticide type, agricultural product type, and soil characteristics. The ability of organic matter to absorb bio-
char mostly involves physical adsorption, chemical adsorption, and microbial degradation. For example, studies 
have shown that biochar absorption decreases during the aging period because contaminants can be released into 
the soil and then taken up by plants. The characterization analysis of RB showed that there was a large amount 
of alkyl carbon, aromatic carbon and carboayl carbon. Previous studies have shown that the π–π electron donor 
acceptor interaction and π–H-bonding are the primary adsorption sites of RB adsorption64. Former studies 
showed that biochar was effective to the remediation of pesticides polluted soils such as chlorpyrifos65–67. How-
ever, for different types of biochars and pesticides, the amendment of soils with biochar did not always showed 
positive results, and it would also led to greater accumulation and made the pesticide less available to microbial 
degradation and increased their half-lives. There are also uncertainties of biochar application in the remedia-
tion of pesticide-contaminated soils68. Our results showed that effect of biochar addition on pesticide residues 
in crops and soil was influenced mainly by the growth status of crops, and the characteristics of pesticides were 
the second most important factor.

Fig. 8.   Summary of the effects of RB on complex pesticide degradation.

Table 6.   Effect of rice straw biochar (RB) on pesticide degradation dynamics under different trials. “ + ” means 
that the degradation dynamics were accelerated, “ − ” means that the degradation dynamics were slowed, and 
“0” means that the degradation dynamics were not changed.

CAP HPM IXB

Broccoli

Broccoli
High dose  +   +   + 

Low dose  +   +   − 

Soil
High dose  +   +   − 

Low dose  +   +   + 

Pakchoi

Pakchoi
High dose  −   −   − 

Low dose  −   −  0

Soil
High dose  −   +   − 

Low dose  −   +   − 
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RB application increased rhizosphere soil bacterial abundance and evenness
Rhizosphere soil was classified into four treatment groups as shown in the field experimental design (T1, T2, 
T3 and T4) and the CK group. Sequence readings and operational taxonomic units (OTUs) were grouped at the 
97% similarity level, and the OTUs were clustered. A Venn diagram of the percentage abundance of rhizosphere 
soil bacteria at the class level and the richness and diversity indices of the soil bacterial community are shown 
in Fig. 9.

Venn diagram analysis of the OTUs at 97% sequence similarity revealed that all the samples shared 1052 
OTUs, which accounted for 36.82% of the total OTUs observed (Fig. 8A). At the class level, these shared OTUs 
mostly consisted of sequences from Actinobacteria, Alphaproteobacteria, Gammaprotebacteria, Ktedonobac-
teria, Acidobacteria, and Gemmatiminatetes (Fig. 8B). Figure 8B showed that, compared with the control (CK) 
group, the T1 and T2 treatment groups with pesticide application exhibited increased relative abundances of 
Actinobacteria (with percentages of 0.0614 and 0.0282, respectively) and Alphaproteobacteria (with percent-
ages of 0.0259 and 0.0166, respectively). The relative abundance of Gammaproteobacteria decreased by 0.0174 
under the T1 treatment with low doses of pesticides and increased by 0.0144 under the T2 treatment with high 
doses of pesticides. The relative abundance of Ktedonobacteria increased under the T1 treatment with low doses 
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of pesticides, with a percentage of 0.0063, and decreased under the T2 treatment with high doses of pesticides, 
with a percentage of 0.0338. The relative abundance of Acidobacteria tended to decrease in the T1 and T2 treat-
ment groups, with percentages of 0.0152 and 0.0112, respectively. The relative abundance of Gemmatminatetes 
increased in the T1 and T2 treatment groups, with percentages of 0.0013 and 0.0074, respectively. Overall, 
pesticide application increased the relative abundances of Actinobacteria, Alphaproteobacteria, and Gemma-
timinatetes and decreased the relative abundance of Acidobacteria.

Summary statistics of Illumina MiSeq sequencing are shown in Table 7. Species abundance and evenness 
are reflected by the Shannon index, while species richness is reflected by the Chao index69. As shown in Table 7, 
compared with the CK, the T1, T2, T3, and T4 treatments increased the Chao1 estimator by 7.20%, 5.45%, 
19.21%, and 11.85%, respectively. Pesticide and RB applications increased species richness. The T1 and T2 treat-
ments was without RB and with pesticide application, results showed that the Shannon index was decreased by 
1.14% and 0.65%, respectively, and this showed that Pesticide application decreased the rhizosphere soil bacterial 
abundance and evenness. The T3 and T4 treatments was with RB and pesticide application at the same time, 
the Shannon index was increased by 3.75% and 5.39%, respectively, and this showed that, while pesticide and 
RB application combined increased the rhizosphere soil bacterial abundance and evenness. The result was in 
consisent with the former studies24.

Rhizosphere soil bacteria may affect nutrient transport between plants and soil and are irreplaceable. There-
fore, bacteria affect crop growth and the accumulation of nutrient elements and thus affect pesticide degradation 
in both soil and crops70–72. Former studies showed that biochar addition in soil would shift bacterial communities 
and enhance microbial diversity, and the response of the soil microbial community to bichar was the key factors 
for pesticides environmental fate73,74. Our experimental soil was mostly composed of sequences belonging to 
Actinobacteria, Alphaproteobacteria, Gammaproteobacteria, Ktedonobacteria, Acidobacteria, and Gemmati-
monadetes. Pesticide and RB application together increased the relative abundances of Actinobacteria, Alphapro-
teobacteria, Ktedonobacteria, and Gemmatimonadetes and decreased the relative abundances of Acidobacteria 
and Gemmatimonadetes. The Chao1 estimator was used to determine the abundance, and the Shannon index 
was used to determine the diversity of rhizosphere soil bacteria75. The results showed that pesticide and RB 
application affected soil bacterial ecological systems and the structure and abundance of microorganisms76,77. Our 
study highlighted RB application and its effect on three pesticides (CAP, HPM, and IXB) to explore the effects 
on pesticide environmental fate and rhizosphere soil diversity, and the soil bacteria activity and soil bacterial 
community in RB amended soils affected the biodegradation and the environmental fate of these three pesticides.

Conclusions

1.	 The effects of RB application on the degradation and environmental fate of pesticide residues in agricultural 
soil may be affected by factors such as biochar type, pesticide type, crop type, and soil characteristics. Our 
results demonstrated that the effect of biochar addition on pesticide residues in crops and soil was influenced 
mostly by the growth status of crops, and the characteristics of pesticides were the second most important 
factor.

2.	 For broccoli planted under greenhouse conditions, the biomass did not significantly change during the late 
growth stage or the pesticide application period. Compared with IXB, RB application accelerated CAP and 
HPM degradation with higher solubility and enhanced rhizosphere soil bacterial abundance, thus promoting 
CAP and HPM degradation in both broccoli and soil.

3.	 The biomass of pakchoi increased greatly at the late growth stage, and RB application did not obviously affect 
the degradation of the three pesticides. In the pakchoi soil, CAP and IXB exhibited reduced mobility after 
being absorbed by biochar HPM had the highest solubility and was easier to degrade with the addition of 
RB.

4.	 Moreover, RB application may be valuable for altering bacterial richness and diversity in rhizosphere soil. 
Pesticide and RB application affected rhizosphere soil bacterial diversity and thus affected soil bacterial 
ecological systems. RB applied to soil at a 25.00 t ha−1 dosage under greenhouse conditions is recommended 
for broccoli production to ensure food safety.

5.	 RB application is an effective measure for reducing nonpoint source pesticide pollution, especially for highly 
soluble pesticides such as CAP and HPM.

Table 7.   Summary statistics of Illumina MiSeq sequencing.

Sequences Shannon Simpson Ace Chao Coverage

CK 30,958 ± 12 6.12 ± 0.24 0.0049 ± 0.0006 1950.34 ± 20.41 1933.17 ± 12.32 0.99 ± 0.12

T1 30,945 ± 18 6.05 ± 0.36 0.0056 ± 0.0004 2104.14 ± 18.36 2072.43 ± 10.24 0.98 ± 0.06

T2 30,950 ± 10 6.08 ± 0.23 0.0055 ± 0.0002 2199.98 ± 20.36 2038.66 ± 18.64 0.98 ± 0.06

T3 30,928 ± 6 6.35 ± 0.64 0.0046 ± 0.0004 2324.03 ± 23.61 2304.55 ± 22.46 0.98 ± 0.04

T4 30,896 ± 16 6.45 ± 0.36 0.0087 ± 0.0008 2144.11 ± 18.64 2162.32 ± 23.58 0.98 ± 0.03
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Data availability
All data generated or analyzed during this study are included in this article and its supplementary information 
files.
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