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Abstract 

Plants regulate root exudates to form the composition of rhizosphere microbial community and resist disease stress. 
Many studies advocate intervention with biochar (BC) and exogenous microbe to enhance this process and improve 
plant defenses. However, the mechanism by which BC mediates exogenous microorganisms to enhance root 
exudate-soil microbial defensive feedback remains unclear. Here, a BC-based Bacillus subtilis SL-44 inoculant (BC@
SL) was prepared to investigate the defensive feedback mechanism for plants, which  enhanced plant growth 
and defense more than BC or SL-44 alone. BC@SL not only strengthened the direct inhibition of Rhizoctonia solani 
Rs by solving the problem of reduced viability of a single SL-44 inoculant but also indirectly alleviated the Rs stress 
by strengthening plant defensive feedback, which  was specifically manifested by the following: (1) increasing 
the root resistance enzyme activities (superoxide dismutase up to 3.5 FC); (2) increasing the abundance of beneficial 
microbe in soil (0.38–16.31% Bacillus); and (3) remodeling the composition of root exudates (palmitic acid 3.95–
6.96%, stearic acid 3.56–5.93%, 2,4 tert-butylphenol 1.23–2.62%, increasing citric acid 0.94–1.81%, and benzoic acid 
0.97–2.13%). The mechanism reveals that BC@SL can enhance the positive regulatory effect between root exudates 
and microorganisms by optimizing their composition. Overall, BC@SL is a stable and efficient new solid exogenous 
soil auxiliary, and this study lays the foundation for the generalization and application of green pesticides.

Highlights 

• The problems of effective viable bacteria easy loss  were solved by BC@SL.
• Rs stress was relieved by BC@SL through direct inhibition and defensive feedback.
• BC@SL  optimized defensive feedback by reshaping root exudates and microbiota.
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1 Introduction
Crop losses caused by plant diseases have become a 
global problem, and the average yield losses of major 
food crops range from   17%  to 30% (Andreo-Jimenez 
et al. 2021). For example, R. solani is a widespread soil-
borne pathogen which can infect a wide range of plants 
such as Cruciferae, Gramineae, Solanaceae, etc. (Liu et al. 
2020; Pedras and Okanga 1999). R. solani is one of the 
most common diseases of Brassica chinensis L., which 
causes root rot,   leaf rot and even death of the plant, 
seriously jeopardizing Brassica chinensis productivity 
(Pedras and Okanga 1999). Those soil-borne pathogens 
could destroy soil microecology and force plant exudates 
and rhizosphere microorganisms to lose their self-regula-
tion ability (Liu et al. 2020). In recent years, many studies 
have reported complex synergistic interactions between 
plant defense systems and soil microbial communities 
against pathogens, suggesting that beneficial microorgan-
isms in plant roots could enhance plant stress tolerance 
(Liu et al. 2020; Wei et al. 2020). The beneficial microbe 
recruitment is pivotal to plants’ defense system (Sha-
lev et al. 2022; Wen et al. 2023), among which beneficial 

microorganisms, such as Bacillus (Wen et al. 2023), Fla-
vobacterium (Kwak et al. 2018) and Pseudomonas (Shalev 
et al. 2022), could protect plants from fungal pathogens 
aggregating in the rhizosphere and endosphere. In addi-
tion, many studies have shown that root exudates are the 
main measures for plants to remodel rhizosphere soil 
microflora, including sugars, amino acids, organic acids, 
fatty acids, and secondary metabolites (Wen et al. 2023; 
Zhalnina et  al. 2018) and playing a role in the preven-
tion and control of pathogenic microorganisms (Hu et al. 
2018; Zhalnina et  al. 2018). Thus, considering the large 
differences in root exudates and their microbial com-
munities in different degrees, optimizing root exudates 
and microbial communities in plant disease resistance is 
complicated (Hu et al. 2018). Therefore, how to optimize 
the rhizosphere microbial community and regulate key 
root exudates for plant disease resistance is a key central 
issue addressed in this study.

Many scientists have recently explored the production 
of antimicrobial metabolites and the recruitment of ben-
eficial microorganisms in rhizosphere exudates to further 
optimize the root exudate–soil microbial community 
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defensive feedback (Dang et  al. 2023; Sun et  al. 2020). 
For example, Dang et  al. (2023) explored the difference 
of root  exudates and soil microbial communities under 
Ralstonia solanacearum stress and verified the proper-
ties of root exudates to recruitment beneficial  microbes 
and inhibit R. solanacearum. However, many discrepan-
cies have been found in some studies, where numerous 
antimicrobial metabolites have dual inhibitory effects, 
inhibiting the growth of beneficial microorganisms in 
addition to pathogens (Ayaz et  al. 2008; Suarez-Fernan-
dez et al. 2020). Phenolic compounds are known to have 
an inhibitory effect on Fusarium oxysporum (Suarez-Fer-
nandez et al. 2020). Excessive secretion of phenolic com-
pounds could also inhibit the growth of Bacillus (Ayaz 
et  al. 2008). Unexpectedly, Yuan et  al. (2018) reported 
that phenolic compounds could enhance the root colo-
nization of Bacillus at appropriate concentrations. Based 
on this literature review, regulating root exudate metabo-
lites to near-appropriate levels and inhibiting pathogenic 
bacteria without damaging beneficial microorganisms 
are extremely complex processes in different crop rhizos-
pheric environments. Therefore, developing novel tech-
nologies for controlling the root exudate–soil microbial 
community  defensive feedback is considerably necessary.

Although plants could regulate the root exudate–soil 
microbial community defensive feedback by themselves, 
numerous studies have demonstrated that abiotic fac-
tors (Ahmed et  al. 2023; Wang et  al. 2019; Wei et  al. 
2020) and exogenous inoculants (Kwak et al. 2018; Sha-
lev et al. 2022) contribute to feedback optimization and 
improve crop disease prevention. Such biotic and abi-
otic exogenous addition to protect plants from patho-
gens stress caused widespread attention. Bacillus, a plant 
growth-promoting rhizobacteria (PGPR), has been used 
as a biotic exogenous addition. It could be recruited by 
organic acids, amino acids, and flavonoid compounds 
from root exudates (Sharma et al. 2020; Wen et al. 2023; 
Zhou et  al. 2023a) and produce antifungal compounds, 
such as surfaceacins, iturin, and fengycin, to further 
enhance plant disease resistance (Huang et  al. 2017; Li 
et  al. 2021). Some researchers have shown that exoge-
nous beneficial  microbes  could help plants enhance the 
defense system (Shalev et al. 2022; Wu et al. 2022). How-
ever, the application has some limitations, such as micro-
organisms’ susceptibility to environmental influences, 
weak adaptability, and slow proliferation, resulting in low 
survival ratio and thus failure to play an excellent role 
in disease resistance (Maddalwar et  al. 2021; Wu et  al. 
2022). Biochar (BC) has become an excellent soil abiotic 
exogenous addition worldwide due to its low cost, good 
adsorption performance, and strong oxidation reduc-
tion capacity (An et al. 2022a, 2022b; Wu et al. 2022). Sun 

et  al. (2020) and Kolton et  al. (2016) reported that BC 
could stimulate the production of organic acids in root 
exudates and increase the abundance of microorganisms 
such as Actinobacteria and Bacteroidetes in the soil. Since 
BC and PGPR can modulate root exudates and microbial 
communities, BC and PGPR synergy has been hypoth-
esized to potentially optimize root exudate-soil microbial 
community defensive feedback to achieve better results 
than applying PGPR and BC separately.

Nowadays, integrating BC and PGPR to improve soil 
microecology,  enhance plant disease resistance, promote 
plant growth, and repair soil has become a research hot-
spot (Wei et  al. 2020). Many studies have explored the 
soil microbial community and soil metabolomics under 
the synergistic effect of BC and PGPR (Wu et al. 2022). 
However, root exudates as a key factor in soil microbial 
regulation are still not included in BC and PGPR syn-
ergy studies. In view of this, the utility and interaction 
between key root exudates and key microorganisms 
in   defensive feedback must be determined under the 
synergistic effects of BC and PGPR, which may be ben-
eficial in optimizing root  exudate–microbial community 
defensive feedback.

In this study, PGPR B. subtilis SL-44 and BC were 
selected to prepare the solid BC-based SL-44 inocu-
lant (BC@SL) to control R. solani Rs invasion in Bras-
sica chinensis L. First, the morphology, physicochemical 
structure, preservation, microbial inhibition, and plant 
growth-promoting properties of BC@SL were analyzed. 
Next, the rhizosphere microbial community and key 
root exudates were identified, and their key roles were 
further explored. Finally, the regulation of Rs and SL-44 
by appropriate levels of root exudate metabolites was 
explored, revealing the mechanism and effect of BC@SL 
in optimizing root  exudate–microbial community defen-
sive feedback.

2  Materials and methods
2.1  Microbial strains and BC@SL preparation
The biocontrol-promoting strain B. subtilis SL-44 and 
the pathogen R. solani Rs were obtained from Shihezi 
University, Xinjiang, China. The BC was purchased from 
Henan Zhongbang Protection Technology Co., China 
and modified with amino. Additional file  1: Table  S1 
shows the elemental composition. The culture processes 
of SL-44 and Rs strains are provided in Additional file 1: 
Text S1. BC@SL was prepared as follows: the resus-
pended SL-44 was first mixed with BC in sterile con-
dition at a ratio of 1:5 (w/v), and then the mixture was 
shaken and cultivated for 4 h at 28  °C. Finally, the mix-
ture was spread out onto trays and subsequently dried in 
a vacuum oven for 12 h at 50 °C.
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2.2  Inhibition performance and sample characterization
The effect of SL-44 and BC on Rs colony size was 
explored and observed on PDA. The cell dry weight 
method (Mills & Lee 1996) was selected to further quan-
tify and observe the inhibition ability of BC and SL-44 on 
Rs, and its detailed determination method is described in 
Additional file 1: Text S2. The morphology of BC@SL was 
characterized using SEM (FlexSEM1000, Japan). The BC 
and BC@SL group information were determined by FTIR 
(Nicolet 5700, Japan) and XPS spectra (Thermo Escalab 
250Xi, USA). TGA (SDTA851e, Switzerland) was used to 
quantify the weight of microbial biomass at a heating rate 
of   10 °C  min–1 and a temperature range of 25–800  °C. 
Zeta potential was measured by a Zetasizer Nano ZS90 
(Malvern Instruments, UK) at the ratio of 1:100 (w/v).

2.3  Pot experiment and root enzyme activity associated 
with plant resistance

Potting soil was obtained from the pine forest of Xian 
Polytechnic University, China, and classified as alkaline 
soil. The soil does not contain Rs. The physical and chem-
ical properties are shown in Additional file  1: Table  S2. 
Brassica chinensis L. seeds were sterilized using 70% alco-
hol. Five treatments were set up, with six replicates per 
treatment, and eight seeds were seeded in each pot with 
700  g soil. The corresponding treatments were labeled 
as CK, RsT, BCRs, SLRs, and BC@SLRs. The five treat-
ments of pot experiment included CK without BC, SL-44, 
and Rs; RsT with 30 mL Rs; BCRs with 7 g BC + 30 mL 
Rs; SLRs with 30  mL SL-44 + 30  mL Rs; and BC@SLRs 
with 7  g BC@SL (prepared with 6  g BC and 30  mL 
SL-44) + 30 mL Rs, in which 30 mL Rs fungal suspension 
was poured in soils of pots at the end of the fourth week. 
The growth indices, including height, root length, fresh 
weight, and dry weight, of plants were measured on the 
fifth weekend (Dixit et al. 2016). The disease index of 20 
Brassica chinensis L. plants was recorded 1 week after Rs 
inoculation (fifth weekend) and the detailed description 
of the measure of disease index  are shown in Additional 
file 1: Text S3.

Plant roots (0.2 g) were placed into a pre-chilled mor-
tar with PBS buffer (pH 7.4) on the fifth weekend and 
grinded until they became homogeneous. Then, the 
grinding fluid was transferred into a 10 mL EP tube and 
centrifuged, and the supernatant of the crude enzyme 
solution was extracted and stored at 4  °C. The antioxi-
dant enzyme activities of superoxide dismutase (SOD), 
peroxidase (POD), and catalase (CAT) were measured 
using NBT photoreduction, guaiacol, and decline-
in-H2O2-absorbance methods, respectively(Zhao et  al. 
2019). Finally, the defense enzyme activity of chitinases 
(Kadoo and Badere 2017) and β-1,3 glucanase (Ren et al. 
2016) were estimated in accordance with the ratio of 

reducing sugar production, with laminarin and glucose as 
the substrate.

2.4  Quantity of SL‑44, Rs, and microbial community 
analysis

The quantity of SL-44 in SLRs and BC@SLRs was deter-
mined at 0, 1, 2, 3, 4, 5 weeks, and the quantity of Rs in 
the RsT, SLRs, BCRs, and BC@SLRs was measured at 0 
and 5 weeks by absolute quantification PCR (AQ-PCR). 
Primers were designed to detect SL-44 and Rs by the 16S 
rRNA genes of B. subtilis and the 18  s rRNA genes of 
R. solani, acquired from GenBank. The primers SF (5′- 
GCG TAG AGA TGT GGA GGA A -3′) and SR (5′- TAG 
GAT TGT CAG AGG ATG TCA -3′) were used for detect-
ing SL-44, and the primers RF (5′- AGG GTG TCC TCA 
GCG ATA GA -3′) and RR (5′- TCC TTG GAG CAT GCC 
TGT TT -3′) were used for detecting Rs. The melting 
point curves of SL-44 and Rs  are single  peaks in Addi-
tional file  1: Figure S3 a, b, indicating that the primers 
had good specificity.

Rhizospheric soil was collected from CK, RsT, SLRs, 
BCRs, BC@SLRs and bulk soil from BCK, BRsT and 
BBC@SLRs. These samples were subsequently analyzed 
using high-throughput sequencing of 16 s and 18 s rRNA 
genes. Total DNA was extracted using a DNA extraction 
kit for high-throughput sequencing of 16 s and 18 s rRNA 
genes. After the genomic DNA was extracted, DNA 
integrity, purity, and concentration were determined by 
ω = 1% agarose gel electrophoresis. Macroscopic genomic 
DNA was used as a template based on the sequencing of 
bacterial V3V4 and fungal V4 in the region. The primers 
(338F-806R) were used for PCR amplification. Following 
the standard flow of NEBNext Ultra DNA Library Prep 
Kit for Illumina (New England Biolabs, USA), PE 250 
sequencing was performed on the Illumina Hiseq 2500 
platform.

2.5  Collection and discrimination of root exudate 
metabolites

The Brassica chinensis L. seedlings were intactly removed 
from the CK, RsT, and BC@SLRs to collect root exu-
dates. The Brassica chinensis L. root was submerged in 
a conical flask (three plants per bottle) containing 50 ml 
of 0.9% sodium chloride solution. The conical flasks were 
randomly placed in the growth chamber and photosyn-
thesis was performed for 4 h and the collected root exu-
dates were freeze-dried and concentrated to 10 ml. The 
microbial cells and root tissues were filtered with a poly-
ether sulfone membrane (0.45μm) and stored in a refrig-
erator at −20 ℃.

Then, total organic carbon (TOC) was used to repre-
sent the root exudate content, and its concentration was 
quantified by Shimadzu TOC-L Analyzer (Muti N/C 
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2100). The contents of soluble sugars, phenolic acids, 
and proteins in the secretions were determined by spec-
trophotometers (UC 1600) at specific wavelengths, as 
described in Additional file 1: Text S4. The root exudates 
were extracted by ethyl acetate and then were discrimi-
nated by GC–MS (Agilent 8890-7000D). Details of the 
extraction and GC–MS are provided in Text S5. The 
NIST98 mass spectrometry database was used to analyze 
the mass spectra and determine the substance names of 
each component.

2.6  Response of SL‑44 and Rs to root exudates
A 3 mm sterile filter paper was placed in the center of a 
water agar (0.5%, w/v) containing root exudates (20  µg 
 ml–1) of CK, RsT, and BC@SLRs. 10  μl SL-44 bacterial 
suspension and Rs cells suspension were added to the 
center of the filter paper, then cultured in a biochemical 
incubator at 28 °C for 4 days and colony diameters were 
observed.

The effects of CK, RsT, BC@SL root secretion on the 
growth of SL-44 and Rs were studied in LB and PDB 
containing 20   µg  ml–1 root exudates, respectively. Sub-
sequently, SL-44 and Rs were inoculated with corre-
sponding medium at 1% inoculum, incubated for 24  h 
(SL-44) and 48 h (Rs) at 28  °C, respectively. The Rs was 
quantified by cell dry weight method (Mills and Lee 1996) 
and SL-44 was determined by Bio-Rad protein assay 
(Bradford 1976) with the same procedure as the previous 
method. SL-44 colony count  was calculated from stand-
ard curve: colony count  (107  CFU  ml–1) = 48.49  107  CFU 
 ml–1 ×  OD595.

The main metabolites in the exudates affecting SL-44 
and Rs were screened, including palmitic acid, stearic 
acid, benzoic acid, 2,4 tert-butylphenol, and citric acid. 
Additional file  1: Figure S1a illustrates the screening 
method. These substances were dissolved in acetone 
solution (100  mM) and then added into LB and PDB 
with different concentrations (2,4-tert-butylphenol and 
citric acid 0, 0.10, 0.25, 0.50, 0.75, 1.00  mM;  palmitic 
acid, stearic acid, benzoic acid 0, 0.25, 0.50, 1.00, 2.00, 
3.00  mM; general   system 20  ml). The methods used to 
count the cells of SL-44 and Rs were Bio-Rad protein 
assays and cell dry weighting, respectively. Additional 
file 1: Figure S1b, c shows that the acetone solution does 
not affect the growth of SL-44 and Rs by determining the 
amount of growth.

2.7  Statistics
A one-way ANOVA was performed to assess the dif-
ferences among the biological duplicates. In addition, 
the LSD-test was used to detect differences between 

treatments. On the basis of the results of high-through-
put sequencing, QIIME2 (2019.4, version 1.30.1) was 
used for alpha diversity and Shannon index analyses and 
drawing the sparse curve. The taxonomic composition 
of species   was analyzed using the classification-sklearn 
algorithm. The Bray–Curtis distance matrix was calcu-
lated using the leveled ASV/OTU table, and the distance 
matrix was analyzed by principal coordinate analysis 
(PCoA). Three replicate treatments were set up for each 
experiment.

3  Results and discussion
3.1  Preparation and performance measurement of BC@SL
The surface morphology of SL-44 is shown in Fig.  1a. 
SL-44 shows a short oval rod-like structure with a length 
of about 1.0 µm. The inhibitory effect of BC and BC@SL 
on Rs is verified by plate culture, and Rs grew very well in 
the medium (Fig. 1b1). Figure 1b2 shows the Rs is inhib-
ited by BC, and Fig. 1b3 shows an inhibition circle of Rs 
is formed around SL-44 and BC@SL, but not BC. Huang 
et  al. (2017) and Poveda et  al. (2021) also reported that 
BC and Bacillus inhibit pathogens, respectively. Hence, 
BC coupled with SL-44 to prepare BC@SL is expected 
to achieve enhanced anti-pathogenic effect. To fur-
ther   explore the anti-pathogenic performance, the dry 
weights of Rs in PDB containing SL-44, BC, and BC@SL 
were measured, which were 0.15 ± 0.007b g, 0.12 ± 0.007c 
g, and 0.10 ± 0.011d g, respectively, significantly lower 
than that of individual culturing Rs at 0.18 ± 0.014a g, 
indicating that BC@SL enhances the ability to inhibit 
Rs. Additional file  1: Figure S2a-c   shows  that BC has 
rough surface and abundant pore structure, specific sur-
face area of BC is 562  m2  g–1, and the average pore size is 
3.28  nm, which could be considered as the carrier (Wu 
et al. 2022). As could be observed from Fig. 1c, SL-44 is 
loaded on the surface or internal pores of BC. The cor-
responding energy-dispersive spectroscopic mappings 
(Fig. 1d) demonstrate that C and O are evenly distributed 
over the BC@SL surface (Additional file  1: Figure S2d). 
Additional file  1: Figure S2e shows that BC@SL loses 
about 5% more weight than BC at 800 °C, and this weight 
loss comes from SL-44.

The functional group of BC combined with SL-44 
was investigated by FTIR and XPS (Fig.  1e–g, Addi-
tional file  1: Fig. S2f-i). The FTIR results  showed that 
the characteristic peaks of the -OH (3446   cm−1), C=O 
(1642  cm−1), and P=O (1252  cm−1) functional groups of 
BC@SL remarkably shifted compared with those of BC 
and SL-44 (Adeyem and Arturo 2016; Liu et al. 2019). In 
the process of BC coupling with SL-44, the COOH on 
the BC surface could react with the -NH2 and P=O of 
SL-44 to form amide and phosphate complexes, respec-
tively (Adeyem and Arturo 2016; Liu et  al. 2019). The 



Page 6 of 16Deng et al. Biochar            (2023) 5:81 

XPS spectra  demonstrated that BC@SL had lower C and 
higher O than BC, with -OH decreasing from 17.57% to 
24.49%, indicating that more oxygen-containing func-
tional groups   were  generated during the fixation of 
SL-44 to BC. The peak sites of C=O and C–O  were also 
changed from BC to BC@SL, which are important in the 
combination process of BC and SL-44 (Zhou et al. 2023b). 
Figure 1h shows SL-44 was loaded into BC to form BC@
SL, with its zeta potential value in the middle. Analysis of 
FTIR, XPS, and zeta potentials   showed that SL-44 was 
successfully and robustly loaded to BC. The stabil-
ity of inoculants is shown in Fig. 1i. The viable bacterial 
number of BC@SL (9.62–9.33 log10 CFU·g−1)   was  sig-
nificantly higher than that of SL-44 (8.83–7.80 log10 
CFU·mL−1). The bacterial survival rate of BC@SL   was 
51.07%, whereas that of SL-44   was only 9.35%. These 
findings demonstrate that BC@SL  was more stable than 

the liquid microbial inoculant SL-44, and such stability 
could be conducive to the preservation and transport of 
inoculants (Zhao et al. 2022).

3.2  Improvement in plant growth and defensive enzyme 
activity by BC@SL

The quantity of SL-44 and Rs was measured by AQ-
PCR to investigate the inhibition and stability perfor-
mance of BC@SL in soil under Rs treatment. As shown 
in Fig.  2a, the concentration of SL-44 was positive in 
BC@SLRs and negative in SLRs, indicating that BC@
SL  was more stable, which is consistent with the result 
in Fig.  1i. On the fourth weekend, when Rs was added 
into the soil, the amount of SL-44 decreases significantly 
(Additional file 1: Figure S3c). On the contrary, the quan-
tity of SL-44 decreased slightly in BC@SL. A significant 

Fig. 1 a SEM image of SL-44; b Growth of Rs on PDA (b1, b3) and BPDA (b2, PDA contained 1%BC); c SEM image of BC@SL; d EDS 
and corresponding elemental mapping of BC@SL; e FTIR spectra of BC and BC@SL; f XPS spectrum of C1s for BC@SL; g XPS spectrum of O1s for BC@
SL; h Zeta potential of SL, BC and BC@SL; i The count and survival rate of bacteria inoculants SL-44 and BC@SL
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increase   was observed in the number of viable bacte-
ria in SL and BC@SL on the fifth weekend,  which may 
be because (1)   fungal mycelium secretes rich enzymes, 
metabolites, antibiotics, etc. to form a microenvironment 
for microbial growth around fungal mycelium, which is 
called mycelium, providing nutrients for bacterial growth 
(Zhang et  al. 2022) and (2) BC could provide shelter to 
SL-44 and increase its number (Zhao et al. 2022) on the 
fifth weekend compared with the initial value.

Figure 2a and Additional file 1: Figure S3d show that the 
number of Rs decreased in all treatments and  conformed 
to the following order: RsT < BCRs < SLRs < BC@SLRs, 
which is relevant to the count of SL-44 in soil as it could 
inhibit the growth of Rs. In addition, in the initial stage 
of BC@SLRs, the count of Rs  reached 13.99 ×  104   copy 
 g–1, but in the final stage, the count of Rs only  reached 
8.40 ×  104  copy  g–1, indicating that BC could increase the 

large amount of SL-44 available and reduce Rs. The Bras-
sica chinensis L. biomass in Fig. 2b and Additional file 1: 
Figure S4a is RsT < BCRs < CK < SLRs < BC@SLRs. BC and 
B. subtilis have been reported to alleviate pathogen stress 
(Huang et  al. 2017; Poveda et  al. 2021), so BCRs and 
SLRs have higher biomass than RsT. Wei et al. (2020) has 
demonstrated that BC-inoculated Pseudomonas putida 
Rs-198 improved grape quality compared with BC and 
Rs-198 alone. In brief, BC@SL significantly  increased the 
plant height, root length, fresh weight, and other indica-
tors (Additional file 1: Table S3). The disease indices for 
plants in RsT, BCRs, SLRs and BC@SLRs  were 63.75%, 
47.50%, 45.00% and 32.50%, respectively, indicating that 
the addition of BC@SL significantly reduced the level of 
plant morbidity. These results reveal that BC@SL   had 
not only anti-pathogenic performance but also excellent 
growth-promoting properties.

Fig. 2 a The changes of Rs and SL-44 measured between initial value and 5th weekend (Rs were added to soil at 4th weekend); b Plant biomass 
expressed as dry weight at the 5th weekend; c The fold change of SOD, POD and CAT and in RsT, BCRs, SLRs and BC@SLRs relative to CK; d The 
fold change of chitinase activity and β-1, 3 glucanase activity in RsT, BCRs, SLRs and BC@SLRs relative to CK. Stars indicate significant differences 
between treatments and CK (ANOVA, * P < 0.05; ** P < 0.01; *** P < 0.001, n = 3)
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As shown in Fig.  2c, the antioxidant enzymes   were 
positive in all treatments after Rs invasion compared 
with CK. Pathogen stress causes an increase of reactive 
oxygen species (ROS) (Kong et  al. 2022). Plants main-
tain in redox homeostasis by increasing SOD, POD, and 
CAT enzyme activities to eliminate excess ROS (Kong 
et  al. 2022). These antioxidant enzymes that act syner-
gistically in plants are the important members of the cel-
lular defense enzyme system (Bogoutdinova et  al. 2020; 
Zhao et al. 2019). Therefore, RsT, BCRs, SLRs, and BC@
SLRs  enhanced the SOD, POD, and CAT enzyme activi-
ties (Bogoutdinova et al. 2020). The specific values of the 
enzyme activities are demonstrated in Additional file  1: 
Figure S4b–d. Typically, the levels of antioxidant enzymes 
activities increase with enhance extrinsic stress. However, 
in Fig. 2c and Additional file 1: Figure S4b-d, SOD, POD, 
and CAT enzyme activities are RsT < BCRs < SLRs < BC@
SLRs, and the SOD of BC@SLRs reaches 3.5-FC that of 
CK. This result is opposite to the Rs stress to each treat-
ment (Fig. 2a). BC and PGPR have been reported to pro-
mote plant antioxidant enzyme activities (Kong et  al. 
2022; Wen et al. 2023).

The fold changes of the disease-resistant enzymes 
chitinase and β-1,3 glucanase are shown in Fig.  2d. The 
changes in each treatment after Rs invasion   were more 
than 1.5 FC, which could be explained by the fact that 
plant root enzymes protect plants by destroying the 
mycelium and cell wall of fungi (Kadoo & Badere 2017; 
Kandoliya et  al. 2017). In addition, the enzyme activi-
ties of BCRs, SLRs, and BC@SLRs were significantly 
decreased, indicating that the improvement of plant 
disease resistance by BC@SL does not depend on the 
improvement of disease resistance enzyme activity 
(Fig.  2d, Additional file  1: Figure S4e, and S4f ). These 
results demonstrate that BC could provide shelter for 
SL-44 to better cope with external environmental stresses 
(Zhao et al. 2022), with a more stable population of anti-
pathogenetic bacteria than SL-44 applied alone. In addi-
tion, BC@SL   promoted plant roots to secrete more 
antioxidant enzymes in response to Rs stress.

3.3  Enhanced remodeling ability of microbial communities 
by BC@SL

Additional file  1: Table  S4 shows that the alpha diver-
sity index of bacteria was higher than that of fungi, with 
similar trends for bacteria and fungi in the BC, SL-44, 
and BC@SL treatments. However, the Chao1 and Shan-
non indices of RsT, BCRs, and SLRs  decreased distinctly 
compared with those of CK, indicating that soil micro-
bial diversity and abundance  decreased (Han et al. 2018). 
The indices of BC@SLRs  were larger than those of RsT, 

BCRs, and SLRs (Chao1 index of bacteria, 16.74–22.57%; 
Shannon index of bacteria, 2.22–4.53%), indicating that 
BC@SL could improve the abundance and diversity of 
soil microorganisms compared with BC and SL-44. Sun 
et al. (2020) and Shalev et al. (2022) reported that BC and 
exogenous inoculants could reshape microbial communi-
ties, respectively. In the present study, BC@SL enhanced 
the ability to reshape the microbial community structure 
and   alleviated the destruction of soil microbiology by 
pathogenic bacteria.

Figure  3a, b and Additional file  1: Figure S5a-b show 
the phyla and genera in bacteria and fungi. After Rs was 
added into soil, the number of Actinobacteria, Chloro-
flexi, Acidobacteria in soil bacterial phylum decreased 
significantly (Fig. 3a). Plant responses to Rs invasion are 
mediated by inter-root regulation, such as the enrich-
ment of beneficial microorganisms (Dang et al. 2023; Wu 
et al. 2022; Zhalnina et al. 2018). For example, Firmicutes 
is the phylum with the largest variation in soil abun-
dance after the addition of Rs. The dominant genus of 
Firmicutes is Bacillus that inhibits Rs growth (Sun et al. 
2020), accounting for 69.09% of the total Firmicutes in 
CK, whereas it accounts for about 84% of the total Firmi-
cutes in the other treatments. Figure 3a, Additional file 1: 
Figure S5a shows the abundances of Bacillus in CK, RsT, 
BCRs, SLRs, BC@SLRs as 0.38%, 6.58%, 10.16%, 12.45%, 
and 16.31%, respectively. The count of Bacillus has great 
variety (from 0.38% to 16.31%) due to inter-root regu-
lation of plants, so Bacillus has been inferred to be one 
of the main microorganisms controlling the invasion of 
Rs. Ascomycetes is a common phylum of terrestrial fungi 
(Mtibaà et  al. 2018). Ascomycota is the most dominant 
phylum in soil, with a relative abundance ratio of > 90%. 
In addition, most saprophytic fungi, such as Chaetomium 
(Mtibaà et  al. 2018), account for more than 35% of the 
abundance of Ascomycota in this sequence (Fig. 3b, Addi-
tional file 1: Figure S5b). The other two major phyla are 
the Basidiomycota and Mortierellomycota, whose abun-
dances   were increased by the inclusion of BC@SLRs. 
However, Basidiomycete  showed a reduction in BC@
SLRs for Rhizoctonia, which is consistent with Fig.  2a, 
suggesting that BC@SL may regulate the fungal commu-
nity and protect the plant.

The PCoA of bacterial and fungus communities   
showed three distinct clusters, in which the treat-
ments  were significantly different from CK (Fig. 3c, d). A 
difference could also be observed among different treat-
ments under Rs stress, indicating that the microbial com-
munity after Rs invasion is different from that of healthy 
samples. The distance between BC@SLRs and RsT was   
larger than the distance between BCRs, SLRs and RsT, 
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revealing that the addition of BC@SL   reshaped the soil 
microbial structure. The results are consistent with the 
alpha diversity analysis and the relative abundance of 
species at the phylum and genus level.

The structure of the bulk soil microbial community was 
also determined to analyze differences in the rhizospheric 
microbial community. The alpha diversity indices  dem-
onstrated that microorganisms in the rhizosphere  were 
more abundant and diversified than those in the bulk soil 
(Additional file  1: Table  S4). Bacterial genera, including 
Pseudonocardia, Solirubrobacter, and Truepera, have 
thermophilic and aerobic habits, and fungal genus, such 
as Chaetomiumcan, is highly abundant in soil and could 
directly use cellulose as a carbon source (Hao et al. 2021; 
Zhalnina et al. 2018) (Additional file 1: Figure S5a-b). The 
lack of readily degradable sources of carbon produced by 
plant root exudates in bulk soil is one of the reasons for 
the difference (Hu et al. 2018). Figure 3c, d show a clus-
ter of bulk soil alone, indicating significant differences in 
the rhizosphere, highlighting the importance of root exu-
dates to the microbial community. This finding suggests 

that root exudates have a non-negligible effect on soil 
microbial community structure (Dang et  al. 2023; Hu 
et al. 2018). Therefore, the effect of root exudates should 
also be considered, and the effect of exogenous auxiliaries 
(BC, SL-44, and BC@SL) on plant resistance to patho-
gens should be studied.

3.4  BC@SL regulation of root exudates to resist pathogens
The exudate metabolites from CK, RsT, and BC@
SLRs could be classified into seven categories, includ-
ing organic acid, phenol, lipid, ketone, alcohol, amide, 
and alkane (Fig.  4a–c and Additional file  1: Table  S5). 
Higher levels of organic acid and phenol  were found in 
RsT than in CK and BC@SLRs (CK < BC@SLRs < RsT), as 
plants usually respond to pathogen invasion by increas-
ing organic acids (Dang et al. 2023; Zhalnina et al. 2018). 
The secretion of organic acids and phenols in BC@
SLRs  was reduced, which  was related to the decreased 
Rs (Fig.  2a) and the root secretion regulation by BC@
SLRs. Additional file 1: Figure S6a shows the metabolite 
profiles of the PCoA based exogenous auxiliaries with 

Fig. 3 Relative abundance of dominant phyla levels; the top 10 dominant phyla accounting for more than 90% of the overall operational 
taxonomic units (OTUs): a Bacteria; b Fungi. Principal coordinates analysis (PCoA) based on microbial OUT levels;c Bacteria; d Fungi
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sharp differences. The root exudates of the different treat-
ments  differed significantly, with BC@SLRs closer to CK 
than RsT. This phenomenon may be caused by reduced 
pathogen stress in BC@SLRs, indicating the exudate reg-
ulation capacity of BC@SL.

Log2 (FC) in Fig.  4d–f and Additional file  1: Table  S5 
shows that the organic acids and phenols in RsT and BC@
SLRs  increased significantly compared with those in CK. 
Figure  4d shows seven metabolites (P < 0.001) and nine 
metabolites  log2 (RsT/CK) reached 0.58, indicating  that 
2, 4 tert-butylphenol, citric acid and palmitic acid  were 
upregulated. These metabolites have been proven to 
have certain antimicrobial properties, and they are often 
detected when plants are under disease stress (Ayaz et al. 
2008; Suarez-Fernandez et al. 2020; Zhalnina et al. 2018). 
In Fig.  4e, although  log2 (BC@SLRs/CK) has the same 
change trend  as  log2 (RsT/CK), the fold changes and sig-
nificant differences among metabolites  were decreased, 
and only five metabolites of  log2 (BC@SLRs/CK) reached 

0.58, and citric acid P < 0.001, which indicates the per-
formance of BC@SL in regulating exudates. Meanwhile, 
Fig. 4f further illustrates that the metabolites  were regu-
lated by BC@SL. Phenol and organic acids, such as 2,4 
tert-butylphenol, cinnamic acid, and palmitic acid,  had 
negative increments in  log2 (BC@SLRs/Rs). Although 
phenolic or organic acids, such as 2, 4-butyl phenol and 
palmitic acid, could inhibit the growth of pathogens 
(Ayaz et al. 2008; Suarez-Fernandez et al. 2020; Zhalnina 
et  al. 2018), these metabolites are also toxic to plants 
and may induce some fungal diseases (Bao et  al. 2022). 
In addition, cinnamic acid in root exudates has been 
reported to promote the growth of pathogens at low con-
centrations (Zhang et  al. 2012). The negative effects of 
2,4 tert-butylphenol, cinnamic acid, and palmitic acid on 
plant root microecology are a positive trend, and BC@SL 
had a positive effect on exudate regulation by inhibiting 
the secretion of these metabolites.

Fig. 4 Composition analysis of root exudates. a-c The proportion of 49 root exudates with high content and  matching quality higher than 70 
in different treatments, a CK, b RsT and c BC@SLRs; The  log2 (FC) of 27 significantly different root exudates metabolites in different treatments, d 
 log2(RsT/CK), e  log2(BC@SLRs/CK) and f  log2(BC@SLRs/Rs). The metabolites in red box |log2 (FC)|> 0.58 (FC value 1.5 to 2 corresponds to  log2(FC) 
value 0.58 to 1.3 indicates up-regulation of metabolites, similarly for down regulated metabolites); Stars indicate significant differences (ANOVA, 
* P < 0.05; ** P< 0.01; ***  P< 0.001, n = 3)
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The total amount of root exudates was measured and 
expressed as the TOC content (Zhalnina et  al. 2018). 
The addition of Rs reduced   the total amount of root 
exudates, but in BC@SLRs, the situation was alleviated 
by reducing the stress of pathogens (Additional file  1: 
Table  S6). As shown in Additional file  1: Figure S6b, 
the percentage of protein content was not high in BC@
SLRs, but the variation was more obvious than in CK 
(2.19% to 5.19%), which may  be because Brassica chin-
ensis L.  secreted more resistance enzymes to resist the 

invasion of pathogens. Brassica chinensis L.   reduced 
the carbon source of Rs by decreasing the soluble 
sugar abundance of RsT, but this trend was attenuated 
after using BC@SL, where the trend for representative 
phenolic acids   was similar to that of organic acids in 
Fig. 4a–c. These results prove that BC@SL could mod-
ify plant exudate metabolites, and this regulation could 
improve plant defense systems and thus significantly 
reduce plant morbidity.

Fig. 5 a Path model outputs: numbers on arrows are the values of standardized path coefficients; Gray and red arrows indicate positive 
and negative effects, respectively; Microbial communities and exudates are represented by PCoA data; Bacillus and Rhizoctonia are represented 
by the corresponding genus-level abundance; b-d Variation of metabolism function profiles of 16 s high-throughput sequencing data analyzed 
by KEGG; b Relative percentages of primary metabolisms
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3.5  Root exudate–soil microbial community defense 
feedback under BC@SL

The root exudate–soil microbial community defense 
feedback under BC@SL was investigated by construct-
ing a path model on AMOS. Figure  5a shows that the 
root exudates and microbial community   were directly 
influenced by BC@SL (path coefficient = 0.87 and 0.41), 
indicating that BC@SL had a greater direct effect on 
microbial community than root exudates while indi-
rectly influencing root exudates by regulating microbial 
community (path coefficient = 0.57). Among them, BC@
SL directly  increased the number of Bacillus. The direct 
regulatory value of BC@SL on Bacillus  reached 0.93. In 
addition, Rhizoctonia  was negatively regulated by BC@
SL, with a direct effect value of 0.32 and an indirect value 
of 0.62 through Bacillus. Thus, BC@SL   had a direct 
regulatory effect on root exudates and microorganisms, 
and it indirectly  facilitated the optimization of defensive 
feedback between the two.

Potential functional features   were  predicted by 
KEGG to explore the root exudate-soil microbial com-
munity defensive feedback mechanisms. In primary 
metabolisms, the abundances of biosynthesis, degra-
dation/utilization/assimilation (DUA),  reached more 
than 60%, and 16%, respectively (Fig. 5b). In Fig. 5b, c, 
biosynthesis and DUA were analyzed in detail for sec-
ondary potential metabolisms. After Rs invasion,   the 
abundance of cofactors, prosthetic groups and bio-
synthesis increased, which can transmit cell signals, 
regulate metabolism and induce microbial aggrega-
tion (Fig.  5c). Cell structural biosynthesis improved in 
RsT and bulk soil, but nucleoside and nucleotide bio-
synthesis decreased. These results correspond to the 
positive performance of Firmicutes, which   increased 
the cell wall synthesis (Figure S5a). In DUA, secondary 
metabolite degradation, fatty acid and lipid degrada-
tion, carboxylate degradation, and aromatic compound 
degradation  had a high proportion in RsT and BC@
SLRS (Fig.  5d), corresponding to the decrease in root 
secretions caused by the death of cabbage root cells 
after Rs invasion and the secretion of more aromatic 
organic acids to defend against pathogens (Dang et  al. 
2023; Zhalnina et  al. 2018) (Fig.  4a–c, Additional 
file  1: Figure S6b). Although the broad gene trends in 
RsT and BC@SLRs  were similar, the distinction, such 
as the decrease in fatty acid and lipid degradation and 
C1 compound utilization and assimilation,   increased 
under BC@SL (Fig. 5d). This phenomenon is due to the 
alleviated death of plant roots and the roots reducing 
the secretion of organic acids and phenols under BC@
SL (Dang et  al. 2023; Zhalnina et  al. 2018) (Fig.  4d–
f ). These results reveal that BC@SL and root exu-
dates   reshaped  soil microbial community by shifting 

the carbon source available and survival environment 
to microorganisms in rhizosphere microecology (Liu 
et al. 2020; Zhalnina et al. 2018).

The interaction between the abundance of root exu-
dates metabolites and the rhizosphere microorganisms 
was analyzed using spearman correlation (Fig.  6). The 
relevance of the different metabolites to microorgan-
isms varied, with palmitic acid, stearic acid, and 2,4 tert-
butyl-phenol more consistently correlated, and citric 
acid, while benzoic acid, and phenyl propionic acid were  
more consistently correlated. These results further indi-
cate the interactions between exudates and microorgan-
isms (Dang et al. 2023). Meanwhile, the results show that 
Rhizoctonia  was positively correlated with palmitic acid 
and stearic acid but negatively correlated with benzoic 
acid, 2,4 tert-butylphenol, and citric acid (Fig. 6a). Bacil-
lus  was  negatively correlated with palmitic acid, stearic 
acid, 2,4 tert-butylphenol, cyclohexanone, and 2-hydrox-
yoctanoic and positively correlated with citric acid and 
benzoic acid (Fig.  6b). Palmitic acid, stearic acid, and 
benzoic acid are important components of root exudates 
that regulate soil microbial communities, and pathogen 
Rs and beneficial bacteria SL-44 are affected.

3.6  Microbe response to root exudates
The colony diameter of SL-44 was about d = 1.24 cm on 
solid medium with BC@SLRs exudates, and that of Rs   
was  d = 3.42  cm on solid medium containing CK exu-
date (Additional file  1: Figure S7). Figure  7a shows that 
the count order of SL-44 growing in liquid medium  was 
BC@SLRs > RsT > CK, and the order of Rs cell dry weight 
in liquid medium was CK > BCSLRs > RsT. The results of 
liquid culture medium are consistent with those of solid 
culture medium, thus verifying the differences in the 
metabolites of CK, RsT, and BC@SLRs exudates and the 
selectivity of plant root exudates to microorganisms (Liu 
et al. 2020).

Based on the experimental results (Figs.  4, 6), five 
root exudate metabolites were selected as representa-
tive metabolites to specifically analyze the effects of root 
exudates on SL-44 and Rs in Fig. 7. The results  showed 
that the decline trend of SL-44 was greater than that of 
Rs with the increase in citric acid concentration, but its 
maximum growth concentration at 0.25 mM was higher 
than that of Rs at 0.10 mM (Fig. 7b). As shown in Fig. 7c, 
the quantity of SL-44  showed a trend of increasing and 
then decreasing with increasing benzoic acid concentra-
tion, while Rs   was significantly suppressed by benzoic 
acid. Organic acid affects microorganisms by concentra-
tion (Hu et al. 2018). The presence of a suitable concen-
tration (citric acid 0.25 mM and benzoic acid 1.00 mM)   
was obviously positive to SL-44 but negative to Rs. 
Numerous antimicrobial metabolites inhibit the growth 
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of beneficial microbes in addition to pathogens (Ayaz 
et al. 2008; Suarez-Fernandez et al. 2020). However, dif-
ferent microbes  have different sensitivity to metabolites 
(Hu et al. 2018; Liu et al. 2020). Figure 7a–d shows that 
SL-44 and Rs  were more sensitive to citric acid and 2,4 
tert-butylphenol than to other metabolites, with lower 
measurement system concentration of (0–1 mM; others 
0–3 mM). In particular, SL-44 and Rs  did not vary sig-
nificantly with the concentration changes in palmitic acid 
and stearic acid (Fig.  7e–f). Additional file  1: Table  S5 

shows that palmitic acid and stearic acid   were the two 
most abundant metabolites (3.56–6.96%), whereas cit-
ric acid and 2,4 tert-butylphenol were far less abundant 
(0.71%–2.62%). In addition, SL-44 was more sensitive 
to 2,4 tert-butylphenol than Rs, and they   were  inhib-
ited at 0.25 and 0.50  mM, respectively (Fig.  7d). These 
results reveal that plants reconstruct the structure of 
soil microbial communities by the differential sensitivity 
of microorganisms to different exudate metabolites (Hu 
et al. 2018; Liu et al. 2020). Normally, plants secrete more 

Fig. 6 Bacillus and Rhizoctonia are represented by the corresponding genus-level abundance. Heat map of spearman correction analysis 
between rhizosphere microorganisms of genus level and root exudates; a bacteria; b fungi
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benzoic acid, 2,4 tert-butylphenol, and other metabolites 
to resist pathogen invasion (Ayaz et  al. 2008; Suarez-
Fernandez et  al. 2020). However, the concentrations of 
metabolites, such as 2, 4 tert-butyl phenol, palmitic acid, 
and stearic acid, could inhibit Rs after the addition of 
BC@SL (Fig.  4), thus aggregating more microorganisms 
that are beneficial to the root system, such as SL-44. A 
notable detail is that concentrations of citric acid and 
benzoic acid, two metabolites that promote SL-44 growth 
but inhibit Rs, continued to increase after BC@SL was 
used.

BC and PGPR regulate the microbial community 
by   altering the soil environment (Wei et  al. 2020; Wu 
et  al. 2022). Figure  5a and Fig.  7 demonstrate BC@SL 
could optimize the composition of plant exudates to 
make them more suitable for beneficial microorganism. 
BC@SL  altered  the soil environment (Additional file 1: 
Table  S2),   reshaping the microbial community (Fig.  3) 
to alleviate the stress of pathogens. In addition, BC@SL 
optimized the composition of plant root exudates (Fig. 4) 
to enhance the recruiting of beneficial microorganism 
(Fig.  6). The aggregated beneficial microorganisms will 
improve the rhizosphere microecology including root 
exudates, microbial community (Zhalnina et  al. 2018). 
BC and some exogenous inoculants regulate the root 

microecology of a wide range of plants (Ren et al. 2016; 
Sun et al. 2020). For example, BC could improve organic 
acids in root exudates of maize and increase the abun-
dance of microbes, such as Actinobacteria and Bacte-
roidetes (Sun et al. 2020). Huang et al. (2017) and Shalev 
et al. (2022) reported that exogenous inoculants such as 
Bacillus and Pseudomonas could reshape microbial com-
munity of Capsicum annuum and Arabidopsis thaliana, 
respectively. In addition, Wu et  al. (2022) explored the 
synergistic effect of BC and exogenous inoculants relive 
the pathogens stress by regulating the soil microbial 
community of Radix pseudostellariae. Therefore, the reg-
ulation of plant root microecology by BC@SL could  have 
broad applicability, not only to Brassica chinensis L.

4  Conclusions
In this study, a novel exogenous soil solid exogenous aux-
iliary BC@SL based on BC and SL-44 was successfully 
prepared. The superiority and mechanism of BC@SL in 
helping plants resist pathogens were investigated. BC@
SL  alleviated Rs stress through direct inhibition and indi-
rect feedback. Those can be specifically described as (1) 
BC@SL greatly enhanced the direct inhibition of Rs since 
BC@SL  solved the problem of SL-44 inoculant in soil and 
synergizes the Rs inhibition by BC and SL-44; (2) BC@

Fig. 7 a SL-44 and Rs grown in the medium contain the crude root exudates of CK, RsT and BC@SLRs; b-f SL-44 and Rs grown in the medium 
contain: b 2,4-ditert-butyl-phenol; c citric acid; d benzoic acid; e palmitic acid; and f stearic acid, respectively. The red upward arrows represent 
the metabolites promoting SL-44 or Rs growth in pot experiments, the blue downward arrow means the opposite; The red box marks the lower 
concentration of the measurement system; The different letters in each column display significant differences (LSD-test,  P < 0.05)
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SL   increased plant resistance enzyme activity,   reshaped 
root microbial community, and  regulated root exudate. (3) 
BC@SL   enhanced the positive regulatory effect between 
root exudates-soil microbial defensive feedback. Overall, 
as a novel and efficient soil additive, BC@SL could regulate 
plants and soil microorganisms bidirectionally, change root 
microecology, promote plant growth, and increase plant 
resistance.
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