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Although biochar can mitigate the incidence of sesame (Sesamum indicum L.) bacterial wilt under 
continuous cropping conditions, the underlying soil micro-ecological mechanisms remain unclear. 
Therefore, this study evaluated the diversity and structure of the rhizosphere microbial community 
under different biochar application rates (Y0 = 0; Y1 = 3.75; Y2 = 7.50; Y3 = 15.00; Y4 = 30.00; t ha–1) 
and health statuses (H = healthy and D = diseased) during the mature period of sesame under 
continuous cropping conditions using 16 S rDNA and ITS amplicon sequencing. The results indicated 
that the sesame yield under Y3 (15.00 t ha–1) increased by 6.29% compared with that of the control 
(Y0). Compared with that in Y3H, the relative abundance (RA) of Macrophomina in Y3D increased 
significantly, by 2.03 percentage points. Moderate biochar application reduced the relative abundance 
of Ralstonia and Macrophomina in diseased plants, with D having a greater RA than H did. The 
fungal species with notable differences in Y3H were g_Parasola; however, g_Alternaria was present 
in Y3D. Compared with those in Y3D, the RAs of p_Chloroflexota, o_Rhizobiales_A_504721, and g_
Ohtaekwangia in Y3H increased by 0.850, 0.213, and 0.094 percentage points, respectively. However, 
those of the bacterial genera g_Nitrospira_C, g_Phenylobacteria, g_KBS296, and g_Sinomonas were 
opposite in Y3D. Overall, moderate biochar (15.00 t ha–1) was beneficial for the growth of continuously 
cropped sesame.
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Rice husk biochar (RHB) is produced through the pyrolysis of rice husks, an agricultural byproduct, under 
limited oxygen conditions at temperatures typically ranging from 300 to 700 °C1,2. It is characterized by its high 
porosity, large surface area, alkaline pH, and significant carbon content, which contribute to its effectiveness as 
a soil amendment3–5. Additionally, RHB contains essential macro- and micronutrients, including nitrogen (N), 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and silicon (Si), which are gradually released 
into the soil, increasing nutrient availability1,6,7. Several studies have reported that RHB application significantly 
enhances soil physicochemical properties, including pH, cation exchange capacity (CEC), water retention, and 
nutrient availability1,2,8,9. For example, RHB application at 7.5 t ha–1 shifted the soil pH toward slightly alkaline 
conditions, improving nutrient solubility and reducing aluminum toxicity2. Moreover, RHB enhances soil 
organic carbon (SOC) and total nitrogen (TN), promoting long-term carbon sequestration9 and improving the 
availability of nutrients, particularly exchangeable NH4

+, NO3
–, and available P1.
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RHB significantly influences soil microbial diversity and enzymatic activities, fostering beneficial microbial 
communities that enhance nutrient cycling. Metagenomic analyses have revealed that RHB application 
increases the abundance of Actinobacteria, Acidobacteria, and Nitrospira, which are crucial for organic matter 
decomposition and nitrogen fixation9. Additionally, RHB promotes the growth of phosphate-solubilizing 
bacteria such as Thiobacillus, Pseudomonas, and Flavobacterium, thereby increasing phosphorus availability10. 
Furthermore, RHB application also increased the abundances of the bacterial genera Massilia and Bacillus and 
the fungal genus Trichocladium, which have plant growth-promoting abilities11. Moreover, biochar increases 
the population of biocontrol and plant growth-promoting microbes, reduces the survival of Fusarium in soil, 
increases the relative abundance of beneficial bacteria, and effectively prevents tomato Fusarium crown and root 
rot disease12,13. The effectiveness of RHB varies with application rate, soil type, and crop species. Studies suggest 
that moderate RHB doses (5–15 t ha–1) are optimal for improving soil fertility and crop yield. For example, 5 t 
ha–1 significantly increased N, P, and K uptake in rice, increasing grain yield by increasing soil TN and NH4

+-N 
without increasing greenhouse gas emissions1,14. Moreover, 10–20 t ha–1 improved SOC, P availability, and 
microbial biomass, leading to increased yields of rice and radish9,10,15. However, excessive biochar application 
(22.5 t ha–1) reduces the effectiveness of soil water storage, leads to salt accumulation, decreases the soil profile 
nitrate nitrogen content, and increases maize water consumption16. Therefore, a balanced approach that combines 
RHB (5–20 t ha–1) with organic or chemical fertilizers is recommended for sustainable soil management9,14. 
Optimal application rates should be tailored to specific soil and crop requirements to maximize benefits while 
avoiding potential negative effects.

Continuous cultivation over several years has led to a significant decline in soil bacterial populations and 
α diversity (as measured by the Shannon index)17. This practice alters bacterial community composition by 
increasing the abundance of Actinobacteria and Chloroflexi while reducing Proteobacteria and Acidobacteria17. 
Such disturbances in soil micro-ecology can result in severe crop diseases, posing a major barrier to continuous 
cropping systems18. Furthermore, distinct differences exist between healthy and diseased plants regarding the 
composition and function of microbial communities in rhizosphere soil19. For example, rhizosphere soil from 
diseased plants presents a markedly reduced ratio of gram-positive bacteria to Actinomycetes, with Proteobacteria 
dominating in infected Panax notoginseng20. In contrast, the rhizosphere of healthy plants accumulates 
beneficial bacterial phyla involved in nitrogen cycling, such as Gemmatimonadetes, Verrucomicrobia, and 
Nitrospirae21. Many studies have explored the structure, composition, and function of bacterial communities in 
the rhizosphere soil of healthy and diseased sesame plants under various conditions, including varying nitrogen 
fertilizer levels, nitrate-ammonium nitrogen ratios, and sampling periods22–24. Soil-borne diseases caused by 
pathogenic fungi and bacteria often lead to substantial crop production losses. While chemical control methods 
are commonly employed, they impose a heavy ecological burden and have become less effective because of the 
evolving resistance of pathogenic microorganisms25. Excessive use of chemical agents not only poses pollution 
risks but also accelerates pathogen resistance, further complicating disease management25.

Sesame (Sesamum indicum L.), a high-value oil crop in China and globally, faces significant agricultural 
challenges, particularly bacterial wilt, a devastating soil-borne disease26. Currently, effective prevention and 
control technologies for this disease are lacking26,27. Crop health is intricately linked to the interplay between 
soil physicochemical properties and plant-associated microbial communities. The incidence of sesame bacterial 
wilt is closely associated with imbalances in the rhizosphere soil microbial community structure22–24,28. Core 
microbial species, such as Nitrospirillum and Singulisphaera, play a vital role in plant health by enhancing 
microbial community cooperation and network complexity. These taxa are strongly linked to disease suppression 
and are crucial for modulating network cohesion and modularity29. Research has shown that rice husk biochar-
induced changes in soil physicochemical properties and structure can benefit crop growth. However, the effects 
of various biochar quantities remain inconsistent, particularly under continuous cultivation conditions. Further 
investigations are needed to elucidate how rice husk biochar influences bacterial and fungal communities in 
the rhizosphere soil of continuously cropped sesame plants, especially during the bacterial wilt phase. Given 
the potential of biochar to mitigate continuous cropping challenges in many crops30, we hypothesized that 
biochar could optimize the diversity and structure of microbial communities in sesame rhizosphere soil, 
including increasing the abundance of beneficial bacteria. Nevertheless, the application of biochar to address 
continuous cropping issues in sesame remains poorly understood. Addressing these knowledge gaps is essential 
for improving sesame soil conditions under continuous cropping and promoting healthy crop growth. To this 
end, a field study was conducted in which five biochar application rates were applied to rhizosphere soil from 
both healthy and diseased sesame plants during continuous cropping. This study aimed to address the following 
questions:

(1) How do disease severity (healthy vs. diseased) and varying biochar doses affect the microbial community 
composition and diversity indices in the rhizosphere soil of continuously cropped sesame? (2) Which bacterial 
and fungal species, along with environmental factors, contribute to preventing sesame bacterial wilt? (3) What 
are the correlations—positive or negative—between bacterial/fungal species and key environmental factors?

Materials and methods
The production process and main characteristics of rice husk biochar
The biochar used in this study was produced by Fengxin Ruitian New Energy Co., Ltd. (Jiangxi Province, China) 
using a Huifeng-800 model rice husk carbonization system. The production process involved pyrolyzing rice 
husks (moisture content < 10%) in a gasifier at about 500 °C. During pyrolysis, volatile components in the rice 
Husks are converted into combustible gas, while the remaining fixed carbon and ash form the biochar. The 
production yield was about 28%, with the resulting biochar containing 53.95% fixed carbon and 43.03% ash. Prior 
to use, the rice husk biochar was sieved through a 5 mm mesh. The complete physicochemical characteristics 
of the biochar are presented in Table 1. Most of the properties and characteristic data of the rice husk biochar 
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in this table1 were sourced from the table S1 in the supplementary materials of the author’s recently published 
paper[00] (Wang et al., 2025)31.

Study site and experimental design
The experimental site was situated in Xiangcheng Town, Gao’an City, Yichun City, Jiangxi Province, China 
(28°14’31.05” N; 115°07’40.60” E). The average monthly temperatures from July to September 2022 were 
29.8  °C, 28.4  °C, and 28.5  °C, respectively, accompanied by rainfall amounts of 85.6  mm, 265.0  mm, and 
6.4 mm, respectively. Since August 21, 2022, rainfall has decreased significantly, and the combination of high 
temperatures and drought conditions has affected sesame production.

The soil texture type was loam, and the occurrence type was red soil dryland. Before sesame cultivation, the 
soil had the following characteristics: pH of 6.51, soil organic matter (SOM) content of 8.72 g kg–1, available 
phosphorus (AP) content of 17.60 mg kg–1, available potassium (AK) content of 205.0 mg kg–1, available boron 
(AB) content of 0.31 mg kg–1, and total nitrogen (TN) content of 0.095%. The soil nutrient parameters were 
analyzed following Bao32, using standardized methods. The soil organic matter (SOM) was determined by the 
potassium dichromate volumetric method, total nitrogen (TN) by the Kjeldahl method, available potassium 
(AK) by flame photometry with ammonium acetate extraction, available phosphorus (AP) by the molybdenum 
antimony colorimetric method with sodium bicarbonate extraction, pH by the electrode method (soil: water 
ratio = 2.5:1), and available boron (AB) by the curcumin colorimetric method with boiling water extraction.

These investigations were conducted under continuous sesame cropping for two years, which is equivalent 
to ongoing planting into the third year and the planting of rapeseed every year in winter. Sesame seeds were 
planted in the first two years, but no biochar treatment was carried out. Only in the third year were comparative 
experiments conducted on the effectiveness of different biochar dosages. The local sesame variety Jinhuangma 
(non-wild species) was used in this study. Sesame seeds were independently collected and propagated by the 
Institute of Soil Fertilizer and Resources Environment of the Jiangxi Academy of Agricultural Sciences. This 
study investigated the effects of five biochar treatments derived from rice husks (Y0: 0; Y1: 3.75; Y2: 7.50; Y3: 
15.00; Y4: 30.00 t ha–1) on the diversity and structural composition of rhizosphere soil microbial communities 
in the presence of healthy plants (H; level 0) and severely diseased plants (D; level 9; where the diseased plants 
had withered and died) affected by bacterial wilt disease during sesame maturation. The experiment consisted 
of five treatments with three replicates each, totaling 15 experimental plots, in a random block design. Each plot 
measured 15 m2 (3 m × 5 m) and was planted with a density of 300,000 plants ha–1 across eight rows spaced 
9.0 cm apart, with about 35 cm between rows. Sesame was planted on July 2, 2022, and harvested on September 
14, 2022. The fertilizer applied included 25 kg ha–1 of 48% compound fertilizer (N: P2O5:K2O = 16:16:16) and 
15 kg ha–1 of boron fertilizer. The biochar was mixed evenly with the compound fertilizer and boron fertilizer 
and applied as basal fertilizer on the soil surface one day before sesame sowing, followed by thorough plowing. 
The same wilt disease classification followed the criteria outlined in Li, et al.26. Concurrent measurements of soil 
environmental factors such as pH, SOM, TN, AP, AK, and AB were conducted. The field management practices 
included sesame disease prevention, weed and pest control, thinning, and seedling planting.

Determining sesame yield and collection of rhizosphere soil samples
At maturity, the severity of bacterial wilt disease was evaluated using the methods described by Li, et al.26 and 
Wang, et al.33. Five healthy plants from the rhizosphere soil of each biochar treatment at maturity were mixed 
to form a rhizosphere soil sample, and the rhizosphere soil of these plants was collected using the shaking 
root method. Additionally, rhizosphere soil samples were also taken from five diseased plants in the same plot 
and mixed into one rhizosphere soil sample. In total, 30 rhizosphere soils were sampled from 15 plots. These 
samples were divided into two parts: one for analyzing the soil chemical properties and the other for assessing 
the diversity and structural composition of the rhizosphere soil microbiota. The soil samples designated for 
microbiological analysis were promptly placed in sample boxes with dry ice, stored at − 80 °C, and promptly sent 
to Tianjin Novogene Biological Information Technology Co., Ltd., for ITS and 16 S rDNA amplicon sequencing 
after impurities were removed. Moreover, basic agronomic characteristics, yield, yield components, and other 
relevant indicators were examined in five healthy plants.

Following the collection of rhizosphere soil samples, all the sesame seeds were harvested from the field, 
placed in mesh bags, dried outdoors for about seven days, and then threshed and weighed. Additionally, the 

Type Attribute value Type Attribute value

pH 10.7 Total oxygen 28.66%

Organic carbon 471.0 g.kg–1 Total calcium 1.08%

Total nitrogen 5.2 g.kg–1 Total magnesium 0.19%

Total phosphorus 3.46 g.kg–1 Total sulfur 0.31%

Total potassium 14.93 g.kg–1 BET-specific surface area 223.7 m2.g–1

Cation exchange capacity 5.29 cmol(c+).kg–1 Total pore volume 0.118 cm3.g–1

Exchangeable calcium 1.97 cmol.kg–1 Micropore volume 0.078 cm3.g–1

Exchangeable magnesium 5.62 cmol.kg–1 Average pore diameter 2.115 nm

Total basic functional groups content 2.4 cmol.kg–1 Porosity 82.5%

Table 1.  Attribute data of the rice husk Biochar used in the experiment.
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sesame yield from healthy plants was determined using rhizosphere soil samples and converted to yield per unit 
area.

PCR amplification, library construction, and sequencing
Genomic DNA extraction, as well as the assessment of DNA purity and concentration, followed methods 
described in other studies23. For soil fungi, the ITS1F (5’-​C​T​T​G​G​T​C​A​T​T​T​A​G​A​G​T​A​A​G​T​A​A-3’) and ITS2R 
(5’-​G​C​T​G​T​G​T​T​C​A​T​C​G​A​T​G​C-3’) primers were used to amplify the ITS1-1 F variable region via PCR34. The 
V3 ~ V4 variable region of soil bacteria was amplified by PCR using the primers 338 F (5’-​A​C​T​C​C​T​A​C​G​G​G​G​
G​G​C​A​G​C​A-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’)23. The reaction system and PCR conditions 
were described previously Ren, et al.34. In brief, the PCR process included an initial denaturation step at 94 °C 
for 5 min, followed by cycling at 94 °C for 30 min, 48 °C for 50 min, and 72 °C for 1 min, resulting in a final 
elongation step at 72 °C for 7 min. The amplified products were quantified in New Taipei City, Taiwan, China, 
via Qsep-400 after purification with an Omega DNA purification kit (Omega Inc., USA). The amplicon library 
(2 × 250) was sequenced by Beijing Biomarker Technologies Co., Ltd., via an Illumina NovaSeq 6000 system. 
Each rhizosphere soil sample was sequenced with a single biological and technical replicate, resulting in 60 
datasets of bacterial and fungal sequences from rhizosphere soil sequences. The datasets generated and analyzed 
during the current study are available in the NCBI repository, ​h​t​t​p​s​:​​/​/​d​a​t​a​​v​i​e​w​.​n​​c​b​i​.​n​l​​m​.​n​i​h​​.​g​o​v​/​o​​b​j​e​c​t​/​​P​R​J​N​A​
1​​0​7​8​1​2​​2​?​r​e​v​i​​e​w​e​r​=​5​​b​7​l​j​f​2​​u​g​4​a​s​2​a​j​l​g​s​t​b​k​n​h​n​1​d, accession number - PRJNA1078122.

High-throughput sequencing
Second-generation data processing workflow: First, Trimomatic35 (version 0.33) was used to perform quality 
filtering on the raw data. Then, Cutadapt36 (version 1.9.1) was used to identify and remove primer sequences. 
Afterwards, USEARCH37 (version 10) was used to concatenate the two-end reads, and chimeras were removed 
(UCHIME38version 8.1). Finally, high-quality sequences were obtained for subsequent analysis. The specific 
parameters were as follows: the Trimomatic parameter was set to a 50 bp window. If the average quality value 
within the window was less than 20 bp, the backend bases would be truncated from the window. Primer sequence 
identification and removal were performed. Cutadapt software was used to identify primer sequences based on 
parameters that allowed a maximum mismatch rate of 20% and a minimum coverage of 80%. PE reads were 
stitching. Usearch v10 software was used to stitch the reads of each sample according to the minimum overlap 
length of 10  bp, the minimum similarity allowed in the overlap area of 90%, and the maximum number of 
mismatched bases of 5 bp. If each of the two parent sequences had a sequence that was more than 80% similarity 
to the query sequence, it was determined that the query was a chimera.

Amplicon sequence variations (ASVs) were generated using Dada2, samples with ASV counts less than 
three were filtered out, and clean read feature classification was conducted39. The representative sequences 
of the OTUs were aligned to the pre-trained UNITE database (ITS, version 8.2) using the QIIME2 (version 
2020.6) feature classifier plugin, which produced a table of fungal classification information at the species level. 
Similarly, for bacterial classification, representative sequences were aligned to the pre-trained GREENGENES2 
database (version 2022.10; V3-V4 region) with 99% similarity. Mitochondrial and chloroplast sequences were 
removed using QIIME2 following species identification. The QIIME2 core diversity plugin was used to construct 
the diversity matrix. Alpha diversity indices at the feature sequence level, including the Shannon index, were 
computed to assess sample diversity. Beta diversity analysis uses the binary jaccard algorithm to calculate the 
distance between samples and obtain the beta values between samples. Beta diversity indices were used to 
evaluate differences in microbial community structure among samples. Principal component analysis (PCA), 
UPGMA tree clustering (python2, v3.0.0b35), and PERMANOVA were subsequently performed to analyze the 
results40.

Statistical analysis
Agronomic traits, yield, yield composition factors, and sesame incidence rates were analyzed by ANOVA and the 
least significant difference (LSD) test at the 0.05 level. ANOVA and LEfSe were performed to identify bacteria 
and fungi that differed in abundance between the groups41. Redundancy analysis (RDA) and mantel tests were 
performed using the “vegan” package in R (version 2.3–0) to evaluate potential relationships between microbial 
communities and environmental factors42. Default parameter settings were used unless otherwise specified 
for all analyses mentioned above. When the random forest method was used to analyze the importance of 
differential microorganisms in the current group, the higher the importance, the more likely the substance was 
to be a differential marker that distinguished the current group.

Results
Sesame yield and yield component factors
No significant differences were detected in sesame agronomic traits across the five treatments, including 
parameters such as plant height and initial capsule position, as well as yield components, such as thousand-grain 
weight, number of seeds per capsule, number of capsules per plant, and sesame yield (Table 2). Compared with 
the control, the Y3 treatment (15 t ha–1 biochar) significantly increased the sesame yield by 6.29% (Y0; p < 0.05), 
which was greater than that in the other biochar treatments. The variation pattern of the disease index was 
similar to that of the sesame yield (Table 2).

There was a highly significant positive correlation between plant height and the initial capsule part, number 
of capsules per plant, number of grains per capsule, and thousand-grain Weight, and there was also a significant 
positive correlation between the number of capsules per plant and the number of grains per capsule and 
thousand-grain Weight. There was a significant positive correlation between 1000-grain weight and the number 
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of grains per capsule, whereas there was a significant negative correlation between yield and incidence rate 
(Table S1).

Microbial diversity in rhizosphere soil
Analysis of rarefaction curves revealed that both fungal and bacterial communities followed similar patterns—an 
initial rapid accumulation of observed species followed by stabilization—confirming that our sequencing efforts 
captured sufficient microbial diversity (Supplementary Figures S1 and S2). There was no significant difference 
in the number of ASVs or reads of fungi among the 10 treatments, but there was a significant difference in the 
number of bacteria. Specifically, the number of ASVs from Y3H for clarity increased significantly by 13.10% and 
17.87% compared with those from Y3D and Y0D, respectively, and the read count of Y3H increased significantly 
by 14.87% compared with that of Y0D (Table S2). The Shannon indices of fungi treated with Y3D were 26.53% 
and 25.20% greater than those of fungi treated with Y0H and Y4H, respectively. However, the bacterial Shannon 
indices of Y1H, Y2H, and Y3H significantly increased by 3.76%, 3.07%, and 3.23%, respectively, compared 
with those of the Y1D, Y2D, and Y3D treatments, respectively (Fig. 1a and b). The results indicated that as the 
biochar application rate increased, the Shannon indices of bacteria and fungi in the rhizosphere soil of diseased 
plants first decreased but then increased (Fig. 1a and b). Conversely, the Shannon index of fungi and bacteria 
in the rhizosphere soil from healthy plants first increased but then decreased. Across all the treatments, with 
the exception of the Shannon index in the Y1 treatment, greater fungal diversity was observed in the soil from 
diseased plants than in that from healthy plants. Conversely, the bacterial diversity of the fungal community in 
the Y3D-treated plants was greater than that in the Y0H-treated plants.

The PCA of β diversity indicated that the first principal component explained 46.25% and 27.98% of the 
fungal and bacterial differences, respectively, between treatments, whereas the second principal component 
explained 12.48% and 21.87% of the fungal and bacterial differences, respectively, between treatments (with 
totals of 58.73% and 49.85%, respectively) (Fig. 1c and d). The PERANOVA results revealed that the differences 
in the β diversity of fungi and bacteria were highly significant (R2 = 0.322, p = 0.012; R2 = 0.323, p = 0.001). 
Among them, the Y1 and Y2 treatments presented higher binary_jaccard values for fungi from diseased plants 
than for those from healthy plants, whereas the other three treatments presented the opposite trend (Fig. 1e). The 
binary_jarad values of bacteria in the Y3 and Y4 treatment groups were greater for the healthy plants than for the 
diseased plants, whereas the other three treatments had the opposite effect (Fig. 1f). The results of the clustering 
analysis revealed that both fungi and bacteria could be categorized into two distinct groups: those originating 
from healthy plants and those from diseased plants (Figures S3a and S3b).

Composition of the microbial community
The fungal community was composed mainly of Ascomycota and Basidiomycota, accounting for 53% of the 
total relative abundance. However, the RA of the healthy plants exhibited the opposite trend, and the abundance 
of Ascomycota in the D treatment first decreased but then increased with increasing biochar application. The 
changes in Basidiomycota showed an opposite pattern to that of Ascomycota (Figure S4a). Aspergillus and 
Fusarium were the predominant fungal genera. The RAs of Aspergillus in D first tended to increase but then 
decreased and then increased and then decreased with increasing biochar application, whereas in healthy 
plants, the RAs tended to increase first, then decrease, and then increase again. The RA of Fusarium in the D 
treatment first decreased, then increased, and finally decreased again with increasing biochar application, in 
contrast with its trend in healthy plants. The RAs of Aspergillus and Fusarium were greater in the D treatment 
than in the H treatment (Figure S4b). LEfSe analysis revealed significant differences in fungal species, such as 
Y0D, Y1D, Y3D, Y3H, and Y4D, among the five treatments (Fig. 2a). The g_Macropomina significantly differed 
in the Y0D treatment group (Fig. 2a). In Y3D, significant variations were observed in fungal species such as 
g_Alternaria. However, the number of fungal species with notable differences in Y3H was low, with g_Parasola 
(Fig. 2a). These findings indicated that biochar could not only optimize the fungal community composition 
but also decrease the abundance of pathogenic fungi (Fig. 3a). Moreover, random forest analysis revealed that 

Treatment
Plant height
/cm

Starting capsule
position/cm

Num. of capsules
per plant/pieces

Thousand
grain weight/g

Num. of grains
per capsule
/grains

Sesame yield
/kg.ha–1

Disease index
of bacterial wilt

Y0-0 74.23 ±12.59 32.73 ±1.31 29.10 ±11.10 2.58 ±0.13 59.67 ±10.69 520.75 ±25.38b 11.20 ±1.67

Y1-3.75 75.33 ±13.29 33.70 ±2.63 27.97 ±5.03 2.57 ±0.16 54.33 ±17.01 479.47 ±5.64c 17.28 ±9.38

Y2-7.50 77.70 ±10.97 33.57 ±4.76 27.63 ±4.54 2.53 ±0.06 55.00 ±8.72 466.65 ±19.48c 16.94 ±3.08

Y3-15.00 78.97 ±10.37 35.97 ±3.97 28.97 ±3.60 2.60 ±0.07 59.00 ±9.85 553.48 ±10.47a 11.75 ±2.37

Y4-30.00 79.73 ±10.08 35.90 ±0.98 28.33 ±6.93 2.64 ±0.04 51.67 ±9.29 477.91 ±12.06c 17.35 ±2.33

F Value 0.1200 0.6800 0.0300 0.5000 0.2500 15.2100 1.3300

LSD0.05 20.9700 5.6386 12.3410 0.1828 20.9490 29.4470 8.5800

P Value 0.9702 0.6236 0.9985 0.7372 0.9004 0.0003 0.3244

Table 2.  Effects of Biochar dosage treatment on the agronomic traits, yield components, and disease indices of 
continuously cropped Sesame (means ± SDs, sds: standard deviations). The different letters after each column 
represent significant differences at the 0.05 level. If there were no letters after each column of numbers, there 
was no significant difference between the treatments.
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Fig. 1.  Comparison of the fungal (a) and bacterial (b) Shannon indices among the different treatments. The 
symbols in the box plot have the following meanings: the upper and lower lines of the box represent the 
interquartile range (IQR); the median line represents the median; the upper and lower edges represent the 
maximum and minimum inner perimeter values (1.5 times IQR); and the different letters on the bar chart 
represent significant differences at the 0.05 level. Principal component analysis results of fungal (c) and 
bacterial (d) community diversity in sesame rhizosphere soil. Analysis of variance of the beta diversity of 
fungal (e) and bacterial (f) communities in sesame rhizosphere soil treated with different methods. Vertical 
sitting represents the beta distance.
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Fig. 2.  The vertical axis displays the relative abundance of fungi (a) and bacteria (c) accompanied by LEfSe 
analysis highlighting differences in community structure (fungi: LDA ≥ 3.0; bacteria: LDA ≥ 3.0). The vertical 
axis represents the classification units with significant differences between groups, whereas the horizontal 
axis visually displays the logarithmic score values of LDA analysis for each classification unit using a bar 
chart. Random forest analysis of key fungal (b) and bacterial (d) community species in the rhizosphere soil 
of continuously cropped sesame between different treatments. The horizontal axis is a measure of species 
importance. The larger the value is, the greater the accuracy of sample classification decreases after removing 
the species.
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Macrophomina_phaseolina had the most important effect on the fungal community structure in the rhizosphere 
soil of continuously cropped sesame (Fig. 2b).

The bacterial phyla were mainly composed of Actinobacteriota, Proteobacteria, Acidobacteriota, etc., with a 
total proportion greater than 70% (Figure S4c). When the dose of biochar increased, the RA of Actinobacteria 
from the D treatment first increased but then decreased, whereas that from the H treatment increased steadily 
(Figure S4c). However, in the Y4 treatment, the abundance in the D treatment was greater than that in the 
H treatment. The RA of Proteobacteria from the H treatment first increased but then decreased, whereas the 
abundance of Acidobacteriota decreased steadily. The RAs of Proteobacteria and Acidobacteriota from the H 
treatment were greater than those from the D treatment (Figure S4c).

The predominant bacterial genera included Streptomyces_G_399870, Sphingomicrobium_483265, and AG11. 
Generally, as biochar application increased, the RA of Streptomyces_G_399870 first increased but then decreased 
in the D treatment, whereas in the H treatment, it steadily increased. A significant difference was detected only 
in the low-biochar treatments (Y0, Y1, and Y2), with the RA of Streptomyces_G_399870 being greater in the 
D treatment than in the H treatment. Conversely, the RA of Sphingomicrobium_483265 in the H treatment 
exhibited a fluctuating pattern of decreasing, increasing, decreasing, and increasing again with increasing 
biochar level, whereas in the D treatment, it initially decreased, then increased, and decreased again. Overall, the 
RA of Sphingomicrobium_483265 was greater in the H treatment than in the D treatment (Figure S4d).

Significant variations in bacterial types among the 10 treatments were evident from the LEfSe analysis. In Y0H, 
there were nineteen bacterial species with significant differences in RA, such as g_Bog_209, c_Limnocylindria, 
and g_Udaeobacter (Fig. 2c). Y3H was significantly different in several bacterial groups, such as g_Ohtaekwangia, 
o_Rhizobiales_A_504721, and p_Chloroflexota (Fig.  2c). Compared with those in Y3D, the RAs of those in 
Y3H increased by 0.850, 0.213, and 0.094% points, respectively (Table S3). Conversely, Y3D was significantly 
different for bacterial species such as g_Sinomonas, g_KBS_96, and s_Phenylobacterium_kunshanense (Fig. 2c). 
In particular, the RAs of g_Nitrospira_C, g_Phenylobacterium, g_KBS_96, and g_Sinomonas in Y3D increased 
by 0.304, 0.441, 0.127, and 0.218 percentage points, respectively, compared with their RAs in Y3H (Table S3).

RF analysis revealed that Macrophomina phaseolina had a significant effect on the fungal community structure 
in the rhizosphere soil of continuously cropped sesame (Fig.  2b). Because only one species, Macrophomina 
phaseolina, was detected in the rhizosphere soil, its relative abundance was the same as that of Macrophomina. 
Therefore, this study revealed only the changes in the relative abundance of Macrophomina under the different 
treatments. The results of the ANOVA revealed that the RAs of Macrophomina in Y0D and Y1D increased 
significantly, by 7.10–7.55 percentage points and 5.94–6.39 percentage points, respectively, compared with 
those in the other three D treatments (Fig. 3a). Compared with that in Y3H, the RA of Macrophomina in Y3D 
increased significantly, by 2.03 percentage points (Fig. 3a).

The random forest analysis revealed that Udaeobacter_sp003221195 had a significant effect on the bacterial 
community structure in the rhizosphere soil of continuously cropped sesame (Fig.  2d). Moreover, Ralstonia 
solanacearum could not be specifically identified by 16 S rDNA amplicon sequencing, and only s_Unclassified_
Ralstonia was detected. The relative abundance of s_Unclassified_Ralstonia was consistent with that of Ralstonia. 
Moderate biochar application reduced the RA of Ralstonia in diseased plants, but excessive biochar (Y4) 
promoted its proliferation, with D having a higher RA than H did (Fig. 3b).

Fig. 3.  Comparison of the relative abundances of Macrophomina (a) and Ralstonia (b) among the different 
biochar dosage treatments. The different letters on the bar chart represent significant differences at the 0.05 
level.
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The impact of biochar on environmental factors and the correlation between microbial 
communities and environmental factors
The amount of biochar used had a significant effect on the contents of SOM, TN, AP, AK, and AB in terms of 
environmental factors, with Y3H showing significant increases of 363.65%, 38.73%, 46.78%, 53.92%, and 92.40%, 
respectively, compared with Y0H (Table S4). According to the VIF analysis, there was no multicollinearity 
among the six environmental factors, whether they were fungi or bacteria. Its VIF value was within the range 
of 2.14–6.53. The RDA results revealed that the explanatory rates of RDA1 and RDA2 for changes in fungal 
species abundance were 4.98% and 4.27%, respectively (Fig. 4a). Their explanations for the changes in bacterial 
species abundance were 5.81% and 4.25%, respectively (Fig. 4b). The RDA and Mantel test results revealed that 
pH and AK had the most significant effects on the fungal community structure, whereas pH and SOM had the 
most significant effects on the bacterial community structure (Fig. 4a and b). According to the VPA results, 
in terms of fungal influence, the pH + SOM group had an adj-R2 of 0.04, whereas the other four indicators 
had an adj-R2 of 0.02. In terms of bacteria, the pH + SOM group had an adj-R2 of 0.10, whereas the other four 
indicators had an adj-R2 of 0.01. Correlation heatmap analysis revealed that Leucoagaricus was positively 
correlated with environmental factors, such as TN, AB, SOM, AP, and AK, in fungal communities. Coprinellus 
had a significant negative association with SOM, whereas Condenascus had strong positive correlations with 
AP (Fig.  4c). In the bacterial community, AC-16, AG11, and VBCG01 presented opposite polar patterns to 
those of Nocardioides_A_392796 and Streptomyces_G_399870, with considerable or extremely strong negative 
correlations with pH (Fig. 4d).

In terms of fungi, pH was highly significantly positively correlated with Albifibria in the Y3D treatment, 
while it was highly significantly negatively correlated with Clonostachys, Coprinellus, Cyanhus, and 
Matsushimamyces. The correlation between AK and these five species was exactly opposite to that between AK 
and pH. In the Y3H treatment, pH was highly significantly positively correlated with Aspergillus, Fusarium, 
Fusicolla, Leucoagaricus, and Xenomyrothecium, while it was negatively correlated with Coprinellus. AK was 
highly significantly positively correlated with Agrocybe, Condenascus, Marasmius, and Psathyrella (Figure S5a 
and b). In terms of bacteria, pH and SOM in the Y3D treatment were highly significantly positively correlated 
with Pseudomonas aeruginosa and VBCG01, whereas the opposite was true for AG11 and Ramlibacter-582307. 
In Y3H, there was a highly significant positive correlation between pH and Usitatibacter, whereas the opposite 
was true for Nocardioid A_392796 and Sphingochromium-483265. SOM was highly significantly positively 
correlated with Chryseotalea, whereas it was exactly opposite to AC-16, AG11, Amycolatopsis-D_380830, and 
Mycoplasma (Figure S5c and d).

Discussion
An appropriate amount of biochar significantly improves the yield and microbial diversity of 
Sesame continuously
The development of healthy soil ecosystems relies heavily on soil microbes, which play critical roles in determining 
soil fertility and quality43. Variations in the diversity and number of soil microorganisms can influence the 
stability and function of these ecosystems44. Recent studies have investigated how varying concentrations of 
biochar affect the yields of continuously cropped plants, although the findings have been inconsistent. For 
example, previous research demonstrated that applying biochar at a rate of 15 t ha–1 increased the survival 
rate of Panax notoginseng from 6.0% in the control group to 69.5% and decreased the occurrence and severity 
of tobacco bacterial wilt13,45. Furthermore, biochar had been shown to increase soil pH, AP, AK, SOM, and 
microbial diversity while reducing NH4

+-N13,45. Another study revealed a biochar dose-response curve shaped 
like an inverted U curve for disease severity reduction, revealing a notable 59.11% decrease in plant disease 
severity with 3%–5% biochar application to field soil46. These results were similar to those reported by Chen, et 
al.13 and Zhao, et al.45. An optimal biochar application rate of 15,000 kg ha–1 was found to increase soil fertility in 
fields with continuously cropped sesame, where the soil pH increased by 0.54–0.70, the SOM content increased 
by 36.50–36.96 g kg–1, the AK content increased by 88.67–109.63 mg kg–1, and the AB content increased by 
0.12–0.25 mg kg–1 (Table S4). In rhizosphere soil, the community structures of bacterial and fungal species are 
significantly altered by these environmental conditions. Overall, the application of biochar reduced the frequency 
of plant disease under continuous sesame cropping and increased the sesame yield. The beneficial effects of 
biochar might be attributed to its alkaline nature and the high contents of K, Ca, Na, and other metallic minerals 
in its ash, which can effectively decrease the exchangeable H+ in soil and increase the pH of acidic soils47. Owing 
to its extensive internal surface area, high pore structure, and abundant functional groups48, biochar can absorb 
a variety of ions, delay the release of nutrients, and enhance the retention of soil fertility and the carbon-nitrogen 
ratio49. The habitat for soil microbial colonization was modified, and as the biochar application rates increased, 
the concentrations of SOM, TN, AP, and AK also increased50–53. Concurrently, microorganisms may use part 
of the easily decomposed carbon in biochar as a growth substrate. Biochar may also induce a priming effect 
on soil bacteria, promoting their proliferation54. The significant increase in SOM in this study could be due to 
the difficulty in differentiating between biochar carbon and soil carbon during analyses. Another factor is that 
biochar neutralizes soil acidity and increases the content of refractory organic carbon.

Some studies have shown that biochar increases the Chao1, Shannon, and Simpson indices of soil bacterial 
communities, decreases fungal uniformity, and increases the abundance of beneficial bacteria55,56. However, 
other studies noted that biochar significantly increased maize yield and altered the β diversity of soil microbial 
communities, although it had no discernible effect on α diversity57. These findings matched those of Hu, et 
al.57, Cheng, et al.55, and Zhang, et al.56, which may be related to the settings of biochar dose treatments in 
their studies, where the biochar dosage was expressed either as a percentage (0.0, 1.0, 2.5, and 5.0% (w/w)) or 
as a dosage per plant (0, 5, 10, 15 kg plant–1), whereas in this study, the dosage was expressed as per unit area. 
Furthermore, this study also differentiated fungal and bacterial diversity indices between root-soil disease and 
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Fig. 4.  RDA between fungal (a) and bacterial (b) communities and environmental factors among different 
amounts of biochar. Heatmap of the correlation between environmental factors and the structure of fungal 
(c) and bacterial (d) communities. The longer the arrow is, the greater the impact of the environmental factor. 
The smaller the angle is, the greater the correlation. The sample is located in the same direction as the arrow, 
indicating a positive correlation, whereas the opposite direction of the arrow indicates a negative correlation. 
The color corresponds to the legend, with red indicating a positive correlation and blue indicating a negative 
correlation. The darker the color is, the greater the correlation; if there is an *, it indicates a significant 
correlation (*<0.05, * *<0.001).
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healthy soils. Thus, an appropriate amount of biochar can significantly increase the production and microbial 
diversity of continuously growing sesame crops.

Biochar can optimize the composition of fungal and bacterial community structures
Biochar can influence the composition of the soil microbial community structure by modifying the 
physicochemical properties of the soil58–60. It can regulate the nitrification process in the soil, weaken competition 
and cooperation between surface and subsoil microorganisms, and alter key species, thus reducing the incidence 
of plant diseases58–60. For example, the moderate application of biochar (10–20 t ha–1) effectively changed the 
soil aggregation patterns, size aggregate distributions, microbial habitats, and populations60. Moreover, the 
application of biochar (15 t ha–1) to acidic soil provides a sufficient negative charge because of its good expansion 
of specific surface area and pore volume, thereby absorbing additional Al 3+ and improving the soil pH61. The 
various biochar treatments (15, 30, and 45 t ha–1) increased the RA of potentially beneficial bacteria in the soil, 
whereas denitrifying bacteria and the pathogen Ralstonia presented lower RAs13. According to Wei, et al.62, most 
of the carbon in biochar is composed of phenolic compounds and aromatic hydrocarbons, which biochar can 
adsorb effectively63. The heterogeneous carbon source input from biochar can alter the abundance of fungal 
communities that selectively utilize organic carbon, thereby affecting the structural characteristics of the soil 
fungal community64,65. In this study, 6 species, including g_Macrophomina, a pathogen responsible for sesame 
charcoal rot, whose RA decreased with increasing biochar dosage, significantly differed in the Y0D treatment, 
indicating the ability of biochar to better adsorb pathogens and reduce the incidence of sesame diseases66. 
Parasola was the only fungal species that was significantly different in the Y3H treatment, whereas g_Alternaria 
was the fungal species that was significantly different in the Y3D treatment. These findings indicate that the 
application of biochar can decrease the abundance of pathogens and optimize the composition of the fungal 
community structure. The genus Parasola, within Basidiomycota, is characterized by small, delicate, short-lived, 
veil-less basidiocarps with deeply grooved, parasol-like pilei67 and is typically found on exposed soil, grass 
debris, forest litter, and herbivorous animal feces68–70. Members of Alternaria, belonging to Dematiaceae, can 
produce secondary metabolites with unique structures and biological activities71. Various Alternaria species, 
such as A. tenuissima, A. citri, A. brassicicola, and A. alternata, are major producers of these compounds72. 
Appropriate levels of biochar may increase the diversity and richness indices of the soil bacterial community; 
however, beyond a certain threshold, the quantity of harmful bacteria increases, whereas the number of bacterial 
OTUs decreases73. This might be associated with the detrimental effects of high quantities of biochar on soil 
properties74. This study revealed that the soil bacterial communities in the biochar treatment presented relatively 
high alpha diversity indices, especially those in the 15 t ha–1 treatment.

LEfSe of bacteria revealed three bacterial genera with significant differences in the Y3H treatment, namely, 
g_Ohtaekwangia, and four in the Y3D treatment, namely, g_Phenylobacterium, g_Sinomonas, g_KBS_96, and 
g_Nitrospira_C. These findings suggest that biochar application can improve the composition of the bacterial 
community structure, benefiting the control of disease outbreaks associated with continuous sesame cultivation. 
g_Ohtaekwangia belongs to the family Cyclobacteraceae_9000466 and the phylum Bacteroidetes, and the 
genus Ohtaekwangia is a key microorganism involved in carbon and nitrogen cycling in soil75. Moreover, it 
was previously described as a nitrifying bacterium76. Another advantage of this genus may be the production 
of compounds called marinequinolines with antibiotic, antifungal, and insecticidal properties, which can 
protect the rhizosphere from pathogens and predators77. It includes three species, namely, Ohtaekwangia_
flava, Ohtaekwangia_koreensis, and Ohtaekwangia_kribbensis. Among the three species, Ohtaekwangia_flava 
accounts for the majority, but no relevant literature reports on the function of this species have been published. 
Furthermore, Ohtaekwangia koreensis and Ohtaekuangia ribensis were isolated from sand samples collected 
from the west coast of the Korean Peninsula using low-nutrient culture medium78.

The nitrogen-fixing species Phenylobacterium can increase the nitrogen content of soil79. The increased 
abundance of Phenylobacterium in healthy soil facilitates nutrient transformation, absorption, and secretion 
of glycopeptide antibiotics80. Sinomonas, originally proposed by Zhou et al. (2009) as part of Actinobacteria, 
comprises 10 different species (https://lpsn.dsmz.de/genus/sinomonas). Certain members of g_Sinomonas 
have demonstrated activities in nitrogen fixation, cellulose breakdown, phosphate dissolution, antimicrobial 
action, and plant growth promotion81–84. However, further comprehensive studies and verification are needed to 
determine whether these populations can contribute to the prevention and detection of bacterial wilt or provide 
regulatory technology for biological prevention and control. Additionally, isolating and screening disease-
resistant microbial communities from the soil of healthy sesame rhizospheres can provide valuable microbial 
resources for the biological control of sesame bacterial wilt in the future. Lehmann, et al85. suggested that biochar 
might promote the reproduction of antagonistic microorganisms, compete for nutrients, and inhibit the growth 
of pathogens. It might also directly adsorb some antibacterial compounds. In conclusion, biochar may influence 
the diversity and organization of soil bacterial and fungal communities in two distinct ways. First, biochar can 
create an optimal environment for the growth of bacteria and fungi by providing ample nutrients and a suitable 
habitat. Second, the growth of bacteria and fungi is indirectly affected by biochar through the alteration of soil 
physicochemical properties and the activity of other microbial communities.

Conclusions
The application of 15 t ha–1 biochar improved rhizosphere microbial diversity, increased the abundance of 
beneficial taxa such as Ohtaekwangia and Parasola, and reduced pathogen abundance, contributing to a lower 
incidence of bacterial wilt. Although the application of 15.00 t ha–1 biochar helped control diseases in continuous 
sesame cropping and improved the structure of rhizosphere soil microbial communities, the cost and labor 
intensity of applying high biochar rates may limit its capacity for large-scale farming. Future research should 
assess alternative biochar sources, application methods (e.g., ditching), and synergistic microbial inoculants. 
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Therefore, future research should focus on improving biochar application methods, such as ditch application, 
to reduce dosage and cost and provide a theoretical foundation for the large-scale promotion and application 
of this technology. Additionally, this study was limited to rice husk biochar and did not assess biochar from 
other sources. In the future, we aim to include comparative studies on the effects of different biochar sources 
to identify the most suitable biochar for controlling sesame diseases and enhancing soil structure and function. 
We aim to investigate new technologies for using less biochar without compromising its effectiveness, thereby 
reducing production costs and paving the way for large-scale applications in the future.

Data availability
The datasets generated and analysed during the current study were available in the NCBI repository, ​h​t​t​p​s​:​​/​/​d​a​
t​a​​v​i​e​w​.​n​​c​b​i​.​n​​l​m​.​n​i​h​.​g​o​v​/​o​b​j​e​c​t​/​P​R​J​N​A​1​0​7​8​1​2​2​?​r​e​v​i​e​w​e​r​=​5​b​7​l​j​f​2​u​g​4​a​s​2​a​j​l​g​s​t​b​k​n​h​n​1​d​, accession number - ​P​R​
J​N​A​1​0​7​8​1​2​2​.​​
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