
 
 

Delft University of Technology

Organic farming promotes general disease suppression and modulates functional
potential of rhizosphere microbiome in mustard

Chaudhary, Priya; Bhattacharjee, Annapurna; Shivay, Y. S.; Pabst, Martin; Sharma, Shilpi

DOI
10.1007/s11104-025-08092-0

Publication date
2025
Document Version
Final published version
Published in
Plant and Soil

Citation (APA)
Chaudhary, P., Bhattacharjee, A., Shivay, Y. S., Pabst, M., & Sharma, S. (2025). Organic farming promotes
general disease suppression and modulates functional potential of rhizosphere microbiome in mustard.
Plant and Soil. https://doi.org/10.1007/s11104-025-08092-0

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1007/s11104-025-08092-0
https://doi.org/10.1007/s11104-025-08092-0


 

 

 

 

 

 

 

 

 

Green Open Access added to TU Delft Institutional Repository 
as part of the Taverne amendment. 

 

 

 
 

More information about this copyright law amendment 
can be found at https://www.openaccess.nl. 

 
 

Otherwise as indicated in the copyright section: 
the publisher is the copyright holder of this work and the 

author uses the Dutch legislation to make this work public. 

https://repository.tudelft.nl/
https://www.openaccess.nl/en


Vol.: (0123456789)

Plant Soil 
https://doi.org/10.1007/s11104-025-08092-0

RESEARCH ARTICLE

Organic farming promotes general disease suppression 
and modulates functional potential of rhizosphere 
microbiome in mustard

Priya Chaudhary · Annapurna Bhattacharjee · Y. S. Shivay · Martin Pabst · 
Shilpi Sharma

Received: 26 June 2025 / Accepted: 6 November 2025 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2025

Abstract 
Purpose  Organic farming practices enhance 
soil health by the addition of bio-amendments, 
which improve microbial diversity and abundance. 
Improved soil health, due to enhanced dynamic inter-
actions between abiotic and biotic components of 
the environment, impedes the progression of diseases 
caused by soil-borne phytopathogens. The present 
study aimed to characterize the critical microbial and 
edaphic factors in correlation with phytopathogen 

suppression in soil from mustard fields managed 
under different farming practices.
Methods and results  Organic soil exhibited better 
suppression of phytopathogens, availability of macro-
nutrients, and high biocontrol enzymatic activities than 
soil from conventionally managed field. In terms of 
maximal phytopathogen suppression, Fusarium solani 
was suppressed to 85% by fungal fraction of organic 
soil, whereas F.  fujikori was suppressed to 77% by 
bacterial fraction of organic soil. However, available 
micronutrients were higher in conventionally man-
aged soils. Positive correlations between enhanced 
biocontrol enzyme activities and organic farming 
practice were deciphered, highlighting improved dis-
ease suppressive potential of organic soil. Metagen-
omic sequencing of the rhizosphere soil from mustard 
plants grown using “Jeevan Jyoti” bio-amendment and 
conventional farming regimes revealed that microbial 

Responsible Editor: Akanksha Singh.

Priya Chaudhary and Annapurna Bhattacharjee Equally 
contributed to this work.

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s11104-​025-​08092-0.

P. Chaudhary · S. Sharma (*) 
The University of Queensland and Indian 
Institute of Technology Delhi Research Academy, 
New Delhi 110016, India
e-mail: shilpi@dbeb.iitd.ac.in

P. Chaudhary · A. Bhattacharjee · S. Sharma 
Department of Biochemical Engineering 
and Biotechnology, Indian Institute of Technology Delhi, 
New Delhi, India

P. Chaudhary 
School of Agriculture and Food Sustainability, The 
University of Queensland, St Lucia, QLD 4072, Australia

Y. S. Shivay 
Division of Agronomy, ICAR–Indian Agricultural 
Research Institute, New Delhi, India 110012

M. Pabst (*) 
Department of Biotechnology, Delft University 
of Technology, van der Maasweg 9, Delft 2629HZ, 
The Netherlands
e-mail: m.pabst@tudelft.nl

http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-025-08092-0&domain=pdf
https://doi.org/10.1007/s11104-025-08092-0
https://doi.org/10.1007/s11104-025-08092-0


	 Plant Soil

Vol:. (1234567890)

communities could play key roles in modulating gen-
eral disease suppressiveness of soil. Functional annota-
tion enabled the identification of dominant biological 
processes, impacting plant and soil health positively. 
Specifically, the open reading frames coding for bacte-
rial proteins involved in transport and key cellular pro-
cesses were enriched in datasets of organic farm soil.
Conclusion  The evidences from this study deline-
ate the correlation between microbial components 
present in rhizosphere soil and edaphic factors, in 
the context of general disease suppressiveness.

Keywords  Biocontrol · Micronutrients · 
Phytopathogens · General disease suppression · Soil 
metagenomics

Introduction

Several environmental factors are responsible for 
governing plant and soil health. Abiotic and biotic 
stressors, coupled with excessive chemical use, often 
irreversibly jeopardize various agro-ecosystems, 
detrimentally affecting plant development and crop 
yield, besides compromising the soil health. There 
is an ardent need to advocate implementation of sus-
tainable agricultural means to minimize adverse envi-
ronmental effects worldwide. One such eco-friendly 
approach entails the promotion of organic farming 
regimes to facilitate the enhancement of soil and 
plant health by optimal usage of bio-amendments, 
which would eventually boost crop yield (Gamage 
et al. 2023; Jayaraman et al. 2021).

Soils from organic fields possess a disease-
suppressive capacity to control the spread of vari-
ous phytopathogens (Gómez Expósito et al. 2017). 
Soil disease suppression can be categorized into 
specific and general disease suppression; the lat-
ter leads to suppression of diseases against a wide 
range of phytopathogens. This disease-suppressive 
ability is a result of the activity of critical micro-
bial agents, in soil and rhizospheres of plants (De 
Corato 2020; Schlatter et al. 2017). Numerous fac-
tors orchestrate the assembly and action of these 
antagonistic biocontrol agents in the disease-
suppressive soil. This includes edaphic factors, 
agro-management practices, and crop type (Del-
tour et  al. 2017; Palojärvi et  al. 2020). Among 
the edaphic factors, soil nutrient status plays an 

important role in governing competitive interac-
tions in the rhizospheric microbial community, 
thereby influencing microbial diversity to con-
fer the trait of general disease suppression in soil 
(Schlatter et al. 2017). Applying bio-amendments, 
under organic farming practice, has been benefi-
cial for soil and plant health, and also exhibits the 
potential for inducing general disease suppression 
in soil (Al-Elwany et al. 2023; Deng et al. 2022).

Studies have established that organic farming 
practice positively impacts microbial diversity in 
soil and confers disease-suppressive traits to organic 
soils, improving plant health (Khatri et  al. 2023a, 
b; Postma et  al. 2008). However, limited studies 
have been carried out in the context of general dis-
ease suppressiveness traits of soil (Schlatter et  al. 
2017). So far, molecular markers and microbial 
members, conferring specific and general disease-
suppressive trait in organic farm soils have been 
identified (Khatri and Sharma 2021; Khatri et  al. 
2024). To our knowledge, no study has been car-
ried out to decipher how available nutrients and 
biocontrol enzymatic activities of rhizosphere soil 
under organic and conventional farming regimes, 
influence general disease suppressiveness in soil. 
Moreover, only a few recent reports have compared 
the functional potential of rhizospheric microbiomes 
from organically and conventionally managed farms 
(Raimi et al. 2023; Zhang et al. 2022a, b).

The current study hypothesized that organic farm-
ing practice influences the rhizospheric microbial 
communities and edaphic factors, which contribute to 
the development of general suppression against vari-
ous phytopathogens. This study reports application 
of bio-amendment “Jeevan Jyoti” in organic farm, 
which may have a possible role in modulating the 
microbial dynamics and eventually disease-suppres-
sive potential in soil. In totality, the present study was 
designed to decipher the role of soil nutrient status, 
biocontrol enzymatic activities, and key microbial 
members involved in suppression of a wide range of 
fungal and bacterial phytopathogens by analyzing the 
rhizospheric soil samples from mustard fields under 
organic and conventional management. To examine 
the functional potential of rhizosphere microbiomes 
under farming practices, and to further decipher the 
mechanisms involved in phytopathogen suppression, 
whole metagenome sequencing of soil samples was 
performed. This enabled the identification of major 
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microbial players and their functional potential to 
develop soil disease-suppressive traits.

Materials and methods

Field location and soil sampling

Soil was sampled from farmers’ fields at Phaphund, 
Kanpur, Uttar Pradesh, India. The sampling site falls 
under the upper Indo-Gangetic plains with a sub-trop-
ical climate (annual mean temperature min. 5.5 °C to 
max. 45  °C, and mean annual rainfall of 863  mm). 
The soil type was classified as alluvial, with alka-
line pH. The mustard (T59 Varuna variety, Shriram 
Mustard Seeds) fields were managed under differ-
ent farming practices, namely organic (coordinates: 
26.586969, 79.467434), conventional (coordinates: 
26.587043, 79.467845), and control (natural veg-
etation) soil (coordinates: 26.586609, 79.467362). 
Organic field  management included the application 
of commercially available organic bio-amendment 
named Jeevan Jyoti (applied as a solution on field 
of ~ 0.5 acre, 35 ml per 15 l water) 15–25 days before 
and after sowing, and conventionally managed fields 
were amended with diammonium phosphate (DAP) 
(50 kg/ha) and urea (25 kg/ha). The bio-amendment 
Jeevan Jyoti was composed of cow urine, cow gall-
stones, jaggery cubes, and ayurvedic herbs like gok-
shura. Control soil was also sampled from area under 
natural vegetation. A randomized quadrat sampling 
experimental design was followed for sampling at 
each site. Rhizosphere soil was collected in five rep-
licates using a hand auger from 0–30 cm depth from 
mustard cropping fields at harvest stage.

Before storage, visible roots and debris were man-
ually removed from the soil samples. Soil samples 
were preserved at 4  °C and −80  °C. The remaining 
soil sample was air-dried in shade, followed by siev-
ing, grinding, and storing at 4  °C for subsequent 
physicochemical analyses.

In vitro analysis of pathogen suppression potential of 
soil

Pathogen suppression efficacy of soil samples was 
assessed using in  vitro dual culture assay against 
a range of phytopathogens as described previ-
ously (Khatri et  al. 2023a, b). A set of soil-borne 

phytopathogens with a wide range of hosts, were 
selected for the investigation. Phytopathogens, viz. 
Fusarium udum (ITCC No. 4968), Fusarium fuji-
kuroi (ITCC10963.18), Fusarium solani (ITCC 
6701), Rhizoctonia solani (MTCC No. 4633), Fusar-
ium oxysporum (MTCC 4633), Sclerotium rolf-
sii (ITCC 6416), Pythium aphanidermatum (ITCC 
9121), Phytophthora sp. (ITCC 7700), Verticillium 
dahliae (MTCC 2063), Ralstonia solanacearum 
(ITCC BI0001), and Erwinia carotovora (ITCC No. 
BL0001) were procured from Microbial Type Cul-
ture Collection and Gene Bank (MTCC), Chandi-
garh, India, and the Indian Type Culture Collection 
(ITCC), ICAR-Indian Agricultural Research Institute 
(IARI), New Delhi, India.

Ten grams of soil was added to 100  ml potato 
dextrose broth (HiMedia, India) containing combi-
nations of different antibiotics (sulfadiazine 100  µg/
ml, rifampicin 50 µg/ml, chloramphenicol 50 µg/ml, 
kanamycin 50  µg/ml, and streptomycin 50  µg/ml) 
to inhibit bacterial growth, as reported previously 
(Labiadh et al. 2021). To arrest the growth of varied 
members of the bacterial community a wide variety 
of antibiotics was used, thereby preferentially pro-
moting the growth of fungal taxa present in soil. The 
fungal cultures were grown at 30 °C for five to seven 
days until the media became turbid or mycelium 
was visible in each culture. Subsequently, inhibition 
of the phytopathogens was assessed by the bacterial 
and fungal cultures, grown from soil suspensions of 
different treatments. In  vitro dual culture assay for 
interaction between fungal/bacterial pathogen and 
fungal component was determined by spot inocu-
lating an equal amount of pathogen and fungal sus-
pension (~ 106 spores/ml) on opposite ends (1.5  cm 
from the margin) of 90  mm petri plates after seven 
days of incubation. The plates were kept at 28 °C for 
14–21 days or till complete growth was witnessed on 
the control plate for comparable results. Similarly, 
bacterial soil suspension was prepared by adding 
ten grams of soil in nutrient broth (HiMedia, India) 
containing antifungal compounds (50  μg/ml each of 
cycloheximide and fluconazole). The soil suspension 
was incubated at 30 °C for 48 h and spot inoculated 
on four ends of an equidistant quadrant position on 
plate. The fungal strain was spot inoculated at quad-
rant centre and the plates were incubated for 3–7 days 
at 30  °C. For inhibition of bacterial pathogen, the 
zone of inhibition was recorded.
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The percentage inhibition of the fungal pathogen 
was calculated by measuring the radius of its growth 
in control (C) and other treatments (T) using the 
given formula (Rahman et al. 2009):

Physicochemical properties of soil

The physicochemical properties of soil, namely pH, 
electrical conductivity (EC), soil organic carbon 
(SOC), and availability of nutrients, nitrogen (N), 
phosphorus (P), potassium (K), sulphur (S), copper 
(Cu), iron (Fe), manganese (Mn), and zinc (Zn) lev-
els were assessed. SOC was estimated using a previ-
ously described method (Walkley and Black 1934). 
Available P was extracted with 0.5 M NaHCO3 solu-
tion (Olsen 1954), and available S was obtained using 
0.01  M CaCl2 solution (Chesnin and Yien 1951), 
respectively, and nutrient levels were recorded by 
spectrophotometric analysis. Available K levels in the 
soil were determined using a flame photometer after 
extracting with 1  M ammonium acetate. Available 
N levels in the soil were assessed based on alkaline 
permanganate method using Kjeldahl’s apparatus 
(Subbiah and Asija 1956). Available micronutrients 
extracted by 0.005  M diethylenetriaminepentaacetic 
acid (DTPA)—0.01 M CaCl2—0.1 M triethanolamine 
(TEA) solution, were quantified using flame atomic 
absorption spectroscopy (Lindsay and Norvell 1978). 
The pH and EC of soil samples were recorded using 
combined electrodes in a 1:2.5 ratio of soil:water.

Estimation of enzymatic activities and siderophore 
production in soil

The chitinase and cellulase activities in soil samples 
were quantified using the 3,5-dinitro salicylic acid 
(DNS) based colorimetric assay as reported earlier 
(Miller 1959; Rodriguez-Kabana et  al. 1983), with 
few modifications. For enzymatic analysis, 0.5  g 
of soil was mixed with 0.2 ml of toluene for 10 min 
at room temperature. In the treated soil samples, 
2  ml of substrates, viz. colloidal chitin (polymer of 
2-(acetylamino)−2-deoxy-D-glucose) suspension 
[1.25% (w/v) of colloidal chitin in 0.1 ml of 100 mM 
potassium phosphate buffer (pH 6.0) and 1.0  mM 
calcium chloride], and carboxymethyl cellulose was 

%Inhibition of pathogen = (C − T)∕C ∗ 100

added to determine chitinase and cellulase activi-
ties, respectively. After 24 h of incubation at 28 °C, 
the suspensions were centrifuged at 10,000  rpm for 
10 min to obtain clear supernatant. To 1 ml of clear 
supernatant, 1.5 ml of DNS reagent was added, and 
the suspension was kept for boiling in a water bath 
for 5 min. The reaction was stopped after addition of 
2 ml of deionized water. Subsequently, the suspension 
was then subjected to spectrophotometry at 540 nm to 
determine the amount of N-acetyl-glucosamine and 
glucose released in 1  ml of the supernatant for chi-
tinase and cellulase, respectively.

The soil protease activity was estimated using 
sodium casein as the substrate (Jesmin et  al. 2022). 
The lipolytic activity in rhizosphere samples was 
assayed by titrimetric method using polysorbate 20 as 
substrate (Akhter et al. 2022; Sakai et al. 2002).

The level of siderophore production in soil was 
determined by inoculating (0.5  g) soil in a modi-
fied M9 minimal medium (without Fe) and incubat-
ing for 72 h at 28 °C. The culture was centrifuged at 
10,000  rpm for 10  min to obtain clear supernatant. 
Universal chrome azurol-S (CAS) liquid assay was 
used to determine the siderophore levels in clear 
supernatant (Schwyn and Neilands 1987). The per-
cent of siderophore units released was estimated 
(Chowdappa et  al. 2020). Each reaction was per-
formed with three replicates.

Isolation of rhizosphere soil DNA and whole 
metagenome sequencing

FastDNA™ SPIN Kit was used to isolate DNA from 
bulk soil, and soil samples from organic and conven-
tional fields, as per the manufacturer’s protocol (MP 
Biomedicals, USA). For each treatment, five replicates 
of soil samples were pooled to form composite sample, 
and 0.5 g of this was used for soil DNA isolation. The 
quantification and quality check for isolated DNA sam-
ples were performed using a NanoDrop™ 2000 C spec-
trophotometer (Fischer, USA). The isolated soil DNA 
was kept at − 20 °C till further analysis. Whole metage-
nome sequencing of soil DNA was performed using 
paired-end sequencing technology (2 × 150 bp) on the 
Illumina NOVASEQ6000 platform (Illumina, USA).

Initially, parameters like base quality score dis-
tribution, sequence quality score distribution, aver-
age base content per read, GC distribution in the 
reads from samples, PCR amplification issue, 
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overrepresented sequences and adapters, were 
checked from the sample fastq files. According to the 
quality control report, the fastq files were trimmed 
to retain high-quality sequences, whereas low-qual-
ity sequence reads were removed from the analysis. 
The trimming of adapters was done by the fastq-mcf 
tool (version- 1.04.803). The adapter trimmed reads 
were aligned to the human (hg19) genome to remove 
human contamination using BWA (0.7.12) and the 
reads were filtered for human DNA contamination. 
Further, de novo assembly was carried out using the 
pre-processed reads to obtain the scaffolds. For de 
novo metagenome assembly, the human unaligned 
reads, retrieved after human contamination removal 
step, were de novo assembled using Megahit (v. 1.2.9) 
(Li et  al. 2015). The primarily assembled genome 
was used for ORF prediction and annotation using 
Prodigal (v. 2.6.3) (Hyatt et  al. 2010). Taxonomic 
classification, preliminary functional annotation of 
predicted ORFs and identification of SEED pathway 
were performed using Megan 6 (Huson et al. 2007). 
The microbial abundance at the phylum, genus, and 
species level was recorded. The taxonomic quantifi-
cation was carried out based on the fraction of reads 
assigned to individual taxa, and functional annota-
tion was performed on the identified ORFs. Heatmaps 
were generated using Heatmapper software. The 
sequence data from the whole metagenome sequenc-
ing analysis was submitted to NCBI Sequence Read 
Archive (SRA) under BioProject ID PRJNA1105849. 
Functional annotation of predicted genes was per-
formed by local installation of the eggNOG-mapper 
v. 2.1.12, using default parameters. Genes predicting 
relevant KOs, Prams, and CAZY annotations from 
the top 100 most frequent entries were normalized 
and visualized using Python and the seaborn cluster-
map function.

Statistical analysis

To deduce the impact of specific farming prac-
tices on parameters of soil quality and suppression 
potential, one-way analysis of variance (ANOVA) 
was employed. Before one-way ANOVA, the 
data were examined for normal distribution using 
the Shapiro–Wilk test (Shapiro and Wilk 1965). 
The homogeneity of variance was assessed using 
Levene’s test. Means of treatments were sepa-
rated using Tukey’s honestly significant post-hoc 

analysis at p < 0.05. The data in tables and figures 
are represented as arithmetic means with standard 
error of the mean (SEM). Principal component 
analysis (PCA) was used to evaluate the multi-
variable data. Factors with an eigenvalue greater 
than one were considered as per Kaiser’s crite-
rion. The data was standardized before conduct-
ing PCA. Variables showing maximum variance in 
PCA were then subjected to two-tailed Pearson’s 
correlation. A two-tailed Pearson’s correlation test 
was employed to identify relationships between 
specific soil parameters and the percent inhibition 
potency of soils against different phytopathogens. 
A p-value ≤ 0.05 was considered significant. All 
the statistical analyses were carried out in Origin-
Pro 2024 (Origin Lab Corporation, Northampton, 
MA, USA).

Results

In vitro dual culture assay for pathogen suppression

The pathogen suppression potential of culturable fun-
gal and bacterial fractions of soil exhibited varying 
suppressive patterns. The soil managed organically 
showed enhanced pathogen suppression compared 
to conventional and control (natural vegetation) soils 
(Fig. 1).

To examine the bacterial fraction of the soil, seven 
of the shortlisted nine fungal phytopathogens showed 
significantly higher pathogen suppression in the soil 
from organic field than that from conventional field 
(Supplementary Table  S1). Fusarium oxysporum 
(61.79 ± 2.52%, p = 0.0231), F. solani (74.58 ± 0.75%, 
p = 0.0095), F. fujikuroi (77.54 ± 0.41%, p < 0.0001), 
Sclerotium rolfsii (56.66 ± 1.66%, p = 0.045), Pythium 
aphanidermatum (69.54 ± 0.41%, p = 0.0017), Phy-
tophthora sp. (64.79 ± 1.85%, p = 0.0244), and Ver-
ticillium dahliae (67.7 ± 2.75%, p = 0.0182) were 
highly suppressed in soil from organic fields. Simi-
larly, fungal fraction from organically managed soil 
showed maximum suppression against the selected 
phytopathogens. The culturable fungal fraction of 
the community of organically managed soils showed 
maximum suppression compared to the same soil’s 
bacterial fraction. Organically managed soil showed 
significantly higher suppression of pathogens such as 
Fusarium oxysporum (64 ± 2.3%, p = 0.0084), F. udum 
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(85 ± 2.54%, p = 0.0134), F. solani (82.66 ± 1.45%, 
p = 0.0002), F. fujikuroi (87.77 ± 2.42%, p = 0.0468), 
Rhizoctonia solani (83.33 ± 0.96%, p = 0.0008), 
Sclerotium rolfsii (70 ± 2.54%, p = 0.0005), Pythium 
aphanidermatum (72.55 ± 2.95%, p = 0.0001), Phy-
tophthora sp. (70.55 ± 2.42%, p < 0.0001), Verticil-
lium dahliae (53.33 ± 0.96%, p < 0.0001), Erwinia 
carotovora (70 ± 2.88%, p = 0.014), and Ralstonia 
solanacearum (71.73 ± 2.04%, p = 0.0038) than the 
conventionally managed soils.

Soil physicochemical properties under different 
farming types

Available macronutrient levels were significantly 
enhanced in organic farming as compared to conven-
tional and control (natural vegetation) soils (Table 1). 
Sulphur (60.16 ± 1.92  mg/kg, p = 0.0031), nitrogen 
(169.34 ± 6.27  kg/ha, p < 0.0001), and phosphorus 
(20.1 ± 1.09  mg/kg, p = 0.0008) were higher in the 
organic field compared to other farming practices. 
Contrary to this, available micronutrients were much 
higher in conventional and control (natural vegeta-
tion) soils than in organically managed soils. Besides 

Fig. 1   Pathogen suppression potential of bacterial and fun-
gal soil microbiome from mustard fields under organic, con-
ventional, and control (natural vegetation) management. FO: 
Fusarium oxysporum, FU: F. udum, FF: F. fujikuroi, FS: F. 
solani, RS: Rhizoctonia solani, SR: Sclerotium rolfsii, PA: 
Pythium aphanidermatum, PHY: Phytophthora sp., VD: Verti-
cillium dahliae, EC: Erwinia carotovora, RAL: Ralstonia sola-
nacearum, CNV: Control (natural vegetation)

Table 1   Physicochemical and biocontrol parameters of rhizosphere soil under organic, conventional farming, and control (natural 
vegetation) soil in mustard field

Data are presented as mean ± standard error. Mean values were compared among treatments using Tukey’ -HSD following one-way 
ANOVA. Mean values with the same letter are not significantly different at p ≤ 0.05. P: phosphorus; K: potassium; SOC: soil organic 
carbon; S: sulphur; N: nitrogen; Cu: copper; Mn: manganese; Zn: zinc; Fe: iron

Soil Properties Parameters Organic Conventional Control (Natural 
Vegetation)

Physicochemical Available P (mg/kg) 20.1 ± 1.09a 10.5 ± 0.86b 13.6 ± 0.8ab

Available K (kg/ha) 450.24 ± 62.15a 298.1 ± 27.5ab 264.43 ± 18.97b

Available N (kg/ha) 169.34 ± 6.27a 93.68 ± 1.98c 108.71 ± 7.67b

Available S (mg/kg) 60.16 ± 1.92a 50 ± 0.76b 57.33 ± 0.72a

SOC (g/kg) 19.77 ± 0.98a 12.27 ± 4.39a 18.83 ± 0.75a

Available Cu (mg/kg) 0.38 ± 0.04b 0.49 ± 0.04b 0.79 ± 0.03a

Available Fe (mg/kg) 7.004 ± 1.05b 11.44 ± 1.73ab 13.97 ± 1.61a

Available Mn (mg/kg) 7.08 ± 1.04b 11.46 ± 1.72ab 15.42 ± 1.01a

Available Zn mg/kg) 0.11 ± 0.006b 0.34 ± 0.02a 0.29 ± 0.012a

Electrical Conductivity (µS/cm) 116.93 ± 0.75b 104.76 ± 2.57c 174.8 ± 1.25a

pH 6.46 ± 0.04c 6.82 ± 0.09b 7.44 ± 0.08a

Biocontrol Chitinase activity (IU/ml) 12.28 ± 0.23a 10.71 ± 0.06b 11.29 ± 0.54ab

Cellulase activity (IU/ml) 0.29 ± 0.017a 0.09 ± 0.008b 0.043 ± 0.002c

Lipase activity (µmol fatty acids/ml) 75.73 ± 0.88a 58.06 ± 1.76b 52.4 ± 0.57c

Protease activity (µmol tyrosine g−1 soil h−1) 0.75 ± 0.019a 0.51 ± 0.02b 0.49 ± 0.03b

Siderophore (% Units) 93.96 ± 1.31a 92.03 ± 0.21a 90.87 ± 1.48a
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nutrients, soil pH and EC were also measured to see 
the impact of these dynamic properties under differ-
ent farming conditions on soil suppression and bio-
control activities. Under organic farming, the soil 
was slightly more acidic (pH 6.4 ± 0.04) than in the 
conventional field (pH 6.8 ± 0.09) with a significant 
difference (p = 0.036). The control (natural veg-
etation) soil showed an alkaline pH of 7.44 ± 0.08. 
Soil EC was significantly lower in conventional 
(104.76 ± 2.57 µS/cm) than in organically managed 
soil (116.93 ± 0.75 µS/cm, p = 0.0057).

PCA was performed to see the impact of soil phys-
icochemical parameters on disease  suppressiveness. 
The PCA extracted two components explaining 79.5% 
and 20.5% variance, respectively. The PC1  loadings 
exhibited a negative association between available 
micronutrients, soil pH, and EC (Fig. 2).

In PC2, loadings revealed a positive association 
among available Cu, Fe, Mn, pH, and EC, however, 
negative association among Zn levels and conven-
tional farming practice was observed. Available 
micronutrients were closely related to soil pH and 
EC; and were influenced by conventional farming 
practices and control (natural vegetation) soils. The 
PC1 loadings were large and positive for pathogen 
suppression, which was positively influenced by 
the organic farming practice for the bacterial and 
fungal fractions of soil microbiome. Prominent 
positive associations were observed for biocontrol 
enzyme activities and organic farming practice, 
which indicated broad range of general disease-
suppressive potential in organic soil. Loadings that 
showed maximum variance were then selected to 
find their relationship with soil suppressiveness and 

Fig. 2   Principal component analysis between physicochemi-
cal parameters and suppressiveness of soil from mustard fields 
under organic, conventional, and control (natural vegetation) 
practices. ACu: available copper, AMn available manganese, 
AZn: available zinc, AFe: available iron, FO: F. oxysporum, 
FU: F. udum, FF: F. fujikuroi, FS: F. solani, RS: R. solani, SR: 
S. rolfsii, PA: Pythium aphanidermatum, PHY: Phytophthora 

sp., VD: Verticillium dahliae, EC: Erwinia carotovora, RAL: 
Ralstonia solanacearum. FF, FB, and BF are interactions stud-
ied in dual culture assay. FF: fungal soil suspension vs. fungal 
pathogen, FB: fungal soil suspension vs. bacterial pathogen, 
BF: bacterial soil suspension vs. fungal pathogen; CNV: con-
trol (natural vegetation)
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biocontrol activity of soil. Pearson’s correlation 
analysis exhibited a significant relationship between 
soil physicochemical properties and soil suppres-
sion potential (Fig. 3).

A positive correlation was found between SOC 
and V. dahliae (r = 0.99829, p = 0.03) suppression by 
the bacterial fraction. However, a negative correla-
tion was observed in the context of available Zn and 
Pythium aphanidermatum (r = −0.9997, p = 0.014) 
suppression by a bacterial fraction and V. dahliae 
(r = −0.9986, p = 0.032) suppression by a fungal frac-
tion. Similarly, disease suppression of a majority of 
the pathogens examined in the study was found to be 
affected by the availability of nutrients (Supplemen-
tary Table S2).

Biocontrol activity of soil

The biocontrol activity of soil was significantly 
greater in the organic field than in the conventional 
field (Table  1). Biocontrol enzymes like protease 
(0.75 ± 0.01  µmol tyrosine g−1 soil h−1, p = 0.0017), 
chitinase (12.28 ± 0.23  IU/ml, p = 0.04), cellu-
lase (0.29 ± 0.017  IU/ml, p < 0.0001), and lipase 
(75.73 ± 0.88  µmol fatty acids/ml, p = 0.0001) had 
significantly greater activities in organic soils than 
in conventional soils. In the PCA analysis, the PC1, 
accounting for more than 75% variance, showed 
that the biocontrol activity was positively associated 
with pathogen suppression in organic farming prac-
tices (Fig.  2). Pearson’s correlation determined that 

Fig. 3   Pearson Correlation analysis between physicochemi-
cal parameters and percent inhibition of pathogens by the soil 
from mustard fields. ACu: available copper, AMn available 
manganese, AZn: available zinc, AFe: available iron, FO: F. 
oxysporum, FU: F. udum, FF: F. fujikuroi, FS: F. solani, RS: 
R. solani, SR: S. rolfsii, PA: Pythium aphanidermatum, PHY: 

Phytophthora sp., VD: Verticillium dahliae, EC: Erwinia caro-
tovora, RAL: Ralstonia solanacearum. FF, FB, and BF are 
interactions studied in dual culture assay. FF: fungal soil sus-
pension vs. fungal pathogen, FB: fungal soil suspension vs. 
bacterial pathogen, BF: bacterial soil suspension vs. fungal 
pathogen
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negative correlation was significant between available 
Fe and siderophore (% units) (r = −0.9998, p = 0.01). 
Cellulase and lipase activities were positively corre-
lated with the available K in soils (Fig. 3). Protease 
activity was found to be significantly positive with 
suppression of Pythium aphanidermatum (r = 0.9999, 
p = 0.008), Phytophthora sp. (r = 0.9992, p = 0.024), 
and Erwinia carotovora (r = 0.9985, p = 0.034) by 
fungal fraction of soil.

Identification and comparison of bacterial taxa 
present in rhizospheric soil of mustard grown in 
organically and conventionally managed fields

The whole metagenome sequencing of rhizos-
pheric soil from mustard plants grown in organically 
amended and conventional farms led to identifying 
different bacterial taxa that dominantly thrive in the 
plant’s rhizosphere under specific farming practices.

A total of ~ 5–6  GB raw reads were generated per 
soil DNA sample from 3 input libraries for control 
(natural vegetation), conventional, and organic farm 
soil through whole metagenomic sequencing analysis. 
The data generated for control (natural vegetation), 
conventional, and organic soil samples was 15.24, 
15.32, and 15.32 GB, respectively, and the percentage 
of GC content for control (natural vegetation), con-
ventional, and organic datasets were 64.30, 65.03, and 
65.35, respectively. Q30 was above 92%, and average 
GC% was around 60%. The contig length (bp) and N50 
values for control (natural vegetation), conventional, 
and organic were 9097, 39,132, and 4724, and 657, 
691, and 639, respectively. The total number of genes 
identified in control (natural vegetation), conventional, 
and organic soil datasets after ORF prediction were 
118,104, 142,896, and 133,250, respectively. The Venn 
diagram depicts the distribution of taxonomies across 
all samples, revealing a high diversity (Supplementary 
Fig. S1). Particularly, the analysis led to identifying 10, 
8, and 7 genera that were exclusively identified in the 
control (natural vegetation), conventional, and organic 
soil samples, respectively, whereas 35 genera were 
common to the three datasets (Supplementary Fig. S1). 
The common genera identified across all treatments 
likely represents the core microbiome of the mustard 
plant.

The ten dominant phyla among the identified 
phyla in all treatments were enlisted, and the stacked 
bar plot depicts the abundance of these dominant 

bacterial phyla, in the mustard rhizosphere soil 
from organic and conventional farms, compared 
to control (natural vegetation) soil. Actinobacteria 
(49.3–74.5%), Proteobacteria (11.6–29.3%), Chloro-
flexi (3.3–9.2%), Thaumarchaeota (2.1–4.4%), and 
Acidobacteria (1.9–3.8%) were the most abundant 
phyla among all analyzed samples (Fig. 4A). In addi-
tion, Planctomycetes ranged from 0.7–1.2%. There 
was variability in the dominance of different bac-
terial taxa identified at the genus levels across the 
three treatments. At the genus level, unknown genus 
accounted for the maximum proportion of the total 
genera present (13.3–31.6%), followed by Soliru-
brobacter (3.7–9.8%), Nocardioides (9.3–23.5%), 
Microvirga (2.2–5.4%), and Streptomyces (2–13.8%), 
across control (natural vegetation), conventional, and 
organic soil datasets.

Interestingly, Nocardioides and Microvirga 
(2.2–5.4%) were more abundant under the organic 
farming regime (Fig.  4B). The relative abundance 
of Bradyrhizobium was comparable in the three 
treatments.

The abundance of bacterial taxa at the genus level 
across different treatments considered in the study has 
been represented as a heatmap (Fig. 5).

Besides the top ten genera identified in the three 
datasets (Fig.  4B), it was observed that the genera 
Azospirillum, Nitrospira, and Mesorhizobium were 
also relatively more abundant in the organic farms 
compared to the conventional farms and control (natu-
ral vegetation) soil. In contrast, genera Anaeromyxo-
bacter and Mycobacterium were typically enriched in 
control (natural vegetation) soil, whereas Kribbella 
and Streptomyces were relatively more in conventional 
soil. Diversity analysis of the bacterial communities 
identified across all treatments was carried out, how-
ever, no significant difference was observed (Supple-
mentary Table  S3). Based on the Chao1 index, con-
trol (natural vegetation) soil (82) exhibited the lowest 
value, followed by organic (138) and conventional 
soil (138) datasets. The statistical analysis revealed 
that the Shannon and Simpson’s indices did not differ 
significantly across the three datasets (Supplementary 
Table S3).

Functional annotation of the ORFs identified in 
the study indicated their roles in various biologi-
cal processes. The pFAM terms corresponding to 
ABC_Tran, TcTC, and MarR, were typically higher 
in organic soil dataset, whereas BDP_transp_1, 
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HisKA, TetR_N, HTH28, and  Acetyltransf_3 were 
specifically elevated in conventional soil data-
set. The control (natural vegetation) soil detected 
a greater abundance of Response_reg, glyoxalase, 
HTH21, HTH29 and DUF4096 (Fig.  6A). The 
CAZy terms corresponding to GT85 and GH105 

were specifically elevated in organic soil dataset, 
whereas GH99 and GT17 had enhanced abundance 
in conventional soil dataset (Fig. 6B). Similarly, sev-
eral KO terms from KEGG database showed differ-
ential patterns across the three datasets (Supplemen-
tary Fig. S2). The above results indicate that ORFs 

Fig. 4   Relative abundances (%) of different taxa at phyla (a), and genus (b) levels identified from soil of control (natural vegetation), 
organic and conventional rhizosphere from mustard field, Phaphund, depicted by stacked bar chart
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Fig. 5   Heatmap analysis depicting the relative abundance of taxa at the genus level identified from soil of control (natural vegeta-
tion), organic and conventional rhizosphere from mustard field, Phaphund
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identified in these datasets were involved in crucial 
biological processes.

Discussion

Organically amended farms are known to increase 
microbial diversity, soil quality, and overall health, 

whereas extensive use of chemical-based agricul-
tural inputs leads to loss of  microbial diversity and 
reduced nutrient availability (Gupta et al. 2022; Rani 
et  al. 2023). The present study’s data suggests that 
organic farming improved SOC and macronutrient 
availability, and also impacted enzymatic activities. 
The soils from organically managed systems showed 
enhanced immunity  (i.e. suppressive ability) against 

Fig. 6   Heatmap analysis depicting the distribution of pFAM terms (A) and CAZy terms (B) identified from soil of control (natural 
vegetation), organic and conventional rhizosphere from mustard field, Phaphund
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nine different fungal phytopathogens and two bacte-
rial phytopathogens. The trend is similar to previ-
ously reported studies showing improved soil health 

parameters and pathogen suppression potential of 
soils under organic farming systems (Deng et al. 2022; 
Khatri et al. 2023a, b).

Fig. 6   (continued)
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Impact of farming practices on pathogen suppression

Soil-borne pathogens are major threats to agricul-
tural production, leading to severe economic losses 
across the globe. Climate change further aggravates 
the issue due to its direct impact on soil health and 
the productivity of crops (Singh et  al. 2023). Path-
ogen survival in soils depends on physicochemi-
cal parameters such as pH, EC, nutrient availabil-
ity, etc. (Jayaraman et  al. 2021). Our findings have 
shown that the pathogen suppression potential of 
bacterial and fungal fractions of soil was signifi-
cantly greater in the organic fields than in the con-
ventionally managed fields. Variable suppression 
was shown between fungal and bacterial fractions 
of soil. High microbial diversity, increased macro-
nutrient availability, and high biocontrol enzymatic 
activities could be the plausible factors associated 
with high suppression against pathogens in organic 
farming (Jayaraman et al. 2021; Postma et al. 2008; 
Shu et al. 2022). Adding bio-amendments could be 
a reason for improved microbial diversity and SOC 
in organically managed fields (Deng et al. 2022; Shu 
et  al. 2022). Organic farming contributes to restor-
ing soil quality indices, resulting in enhanced soil 
functionality. To evaluate the individual impact 
of fungal and bacterial culturable fractions, a dual 
culture assay was performed, and a clear distinction 
between suppression effects was seen. This could be 
because of diverse microbes, which are functionally 
active under organic farming practices, specifically 
during pathogen attacks.

Impact of different farming practices on soil 
physicochemical parameters

Soil quality and health are impacted by differ-
ent farming techniques and land use management. 
Various agricultural techniques impact the dynamic 
physicochemical attributes of soil and its microbial 
diversity (Rani et  al. 2023). Compared with con-
ventional farming methods, organic farming opera-
tions typically result in a significant increase in the 
availability of nutrients in the soil. When compar-
ing organic soils to conventionally managed soils, 
high amounts of soil organic matter (SOM), total 
organic carbon (TOC), accessible P, N, and K, and 
a suitable pH have been recorded (Page et al. 2020). 
The availability of macronutrients, such as N, P, K, 

and S, is vital for crop productivity, and hence, is 
an indicator of soil quality (Kumar et  al. 2021). In 
the present study, available macronutrients N, P, 
K, and S were higher in organic than convention-
ally managed fields. Similar to our findings, many 
studies have reported enhanced nutrient avail-
ability under organic farms compared to conven-
tional farms (Kaur et al. 2022; Xu et al. 2022). Soil 
pH influences the availability of both macro- and 
micronutrients. Organically managed soil with a 
mean pH of 6.4 had reduced availability of micro-
nutrients Zn, Cu, Mn, and Fe, whereas conventional 
soil with a  slightly  acidic  to neutral pH of 6.8 and 
control (natural vegetation) with an alkaline pH 
of 7.4 showed significantly higher availability of 
these micronutrients. The pH directly or indirectly 
impacts plant nutrient uptake due to the interaction 
with soil and plant root exudates (Barrow and Harte-
mink 2023). Most micronutrients are available at pH 
5 to 7 except Fe, which is highly available below pH 
5 (Thapa et  al. 2021). However, the present study 
reports a higher availability of micronutrients rang-
ing between 6.8 and 7.4. Plant mineral nutrients are 
key in defense against pathogens (Cabot et al. 2019; 
Tripathi et  al. 2022). Several studies have reported 
the utilization of mineral nutrient amendments to 
improve the suppression of plant diseases (Dong 
et al. 2016; Li et al. 2012; Saikia et al. 2009). Simi-
lar to the present findings, where organic soils with 
pH 6.4 showed maximum suppression, enhanced 
suppression has been reported earlier in soil with pH 
6 to 6.5 (Watanabe et al. 2011; Zhang et al. 2022a, 
b). In the future, correlation of edaphic factors, soil 
suppressiveness and microbiome function with plant 
performance and fitness can deepen our understand-
ing of phytopathogen suppression trait prevalent in 
organic soil. However, in this study, plant parame-
ters were not assessed as the objective was to com-
pare the rhizosphere soil for its suppressive potential 
against a range of phytopathogens under different 
farming practices.

Studying EC levels may provide information about 
soil health and its potential to suppress disease since 
they can affect nutrient availability. Significantly 
higher soil EC was found in the organic fields than 
conventionally managed fields. Studies have reported 
an association of high EC levels with reduced patho-
gen growth (Garibaldi et al. 2012; Khalil 2011). Con-
sidering their significant roles in microbial diversity 
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and plant growth, available nutrients, EC, and soil 
pH may be significant indicators of the suppressive 
potential of the soil.

Biocontrol enzymatic activities of soil

Soil enzymatic activities are known to be modulated 
by the type of farming practice (Kaur et  al. 2022; 
Wang et al. 2021). Soil enzymes mediate the minerali-
zation of nutrients, their acquisition, and other biolog-
ical activities, which may directly or indirectly impact 
the suppression (Mao and Jiang 2021; Zungu et  al. 
2022). The present study reported high enzymatic 
activities under organic management practices. It was 
also revealed that these activities were correlated with 
nutrient availability. A strong negative correlation 
existed between Fe availability and siderophore units 
released in soil under organic farming production 
(Fig. 3, Supplementary Table S2). Similarly, enhanced 
hydrolytic enzymes were found in organic soils. The 
same trend was observed in one of the reported stud-
ies, where organically managed soil showed increased 
cellulase activity compared to conventional soils (Sad-
eghi et al. 2017). Since iron chelation has a major role 
in determining how pathogens colonize different host 
plants, siderophore-mediated interaction by biocontrol 
agents may be essential for reducing phytopathogens 
(Gu et  al. 2020). Siderophore producers are reported 
to be critical for disease suppression (Sheng et  al. 
2020; Srivastava et al. 2022). Since only a few studies 
have evaluated the role of biocontrol lytic enzymatic 
activities of soils against phytopathogens, under dif-
ferent farming practices, more studies need to be car-
ried out in this context.

Identification and assessment of the functional 
potential of rhizosphere microbiome of mustard plant

The rhizosphere microbiome of mustard plays a 
key role in modulating its growth and development, 
because of the specific bacterial taxa associated with 
the plant (Liu et  al. 2021). The present study con-
ducted a whole metagenomic sequencing analysis of 
rhizosphere soil of mustard plants grown in conven-
tional and organic farms, compared to bulk soil. The 
differences in the abundance of microbial taxa present 
in mustard plant rhizosphere soil were assessed at dif-
ferent levels in all the treatments. Although whole 
metagenomic sequencing should comprise other 

microbial taxa like fungi, virus, protozoa, etc.,  the 
relative proportion of these was significantly lesser 
than the bacterial fraction. Hence, they were under-
represented and were not detected in the analysis after 
the de-novo assembly of raw data. Such an observa-
tion could possibly be due to overrepresentation of 
bacteria in specific ecological niches like soil (Wang 
et al. 2024), albeit biases in DNA sequencing technol-
ogy also cannot be ruled out.

It was found that Actinobacteria was the most 
abundant bacterial phylum detected across all samples 
analyzed. Actinobacteria can regulate plant growth, 
and they are known to positively impact plant and soil 
health (Boubekri et al. 2021; Boukhatem et al. 2022). 
Besides these, other dominant phyla identified in this 
study belonged to Proteobacteria, Chloroflexi, Thau-
marchaeota, and Acidobacteria. Most of these bacte-
rial phyla are involved in specific beneficial activities 
in soil, thereby affecting plant development (Nelkner 
et  al. 2019; Zhang et  al. 2022a, b). The phyla with 
lower relative abundance, like Gemmatimonadetes 
and Cyanobacteria, may also participate in complex 
rhizospheric interactions in the bacterial community.

There was a distinction between the prevalence 
of specific genera in the rhizospheric soil of mustard 
plants grown under organic farming and that under 
conventional farming practices. Specifically, Nocar-
dioides, and Microvirga were prevalent in organic 
farming practices. Nocardioides can thrive under low 
nutrient conditions and exhibits plant growth promot-
ing capabilities by P and K solubilization (Abdulla 
2009; Ma et al. 2023). Additionally, the genus Micro-
virga, is reported to be an endosymbiont and pro-
motes fixation of nitrogen and microbial interactions 
(Jimenez-Gomez et  al. 2019; Msaddak et  al. 2017). 
Further, the soil from conventional farming saw an 
enhanced abundance of Kribbella and Streptomyces 
in the mustard rhizosphere, as revealed in the present 
study. Although limited information is available for 
Kribbella, reports highlight the role of Streptomyces 
in pathogen biocontrol and plant growth promotion 
(Khan et al. 2023; Olanrewaju and Babalola 2019).

Functional annotation of the ORFs identified in 
the present study revealed key information about their 
involvement in governing mustard crops’ develop-
mental processes. ORFs encoding specific proteins 
are major drivers of primary and secondary active 
transport systems in bacteria. ATP-binding cassette 
(ABC) transporters govern the energy production 
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phenomena in microbial cellular processes and have 
recently been shown to regulate bacterial phytopatho-
genesis (Zeng and Charkowski 2021). Tripartite 
tricarboxylate transporter C (TcTC) belongs to the 
solute binding protein repertoire that binds to a sin-
gle ligand type, tricarboxylates (Ortega et  al. 2022). 
These protein moieties acting as transporters were 
detected in the dataset belonging to rhizospheric soil 
DNA sampled from organic fields of mustard. In con-
trast, the acetyltransferase (GNAT) domain and pro-
tein with histidine kinase domain encoding ORF were 
detected in rhizospheric soil DNA sampled from con-
ventional fields of mustard. These acetyltransferases 
could determine antibiotic resistance in different 
bacterial species (Sanz-García et  al. 2019), whereas 
histidine kinases are vital components of the signal 
transduction system in bacteria (Willett and Kirby 
2012). Overall, functional analysis of the datasets in 
this study indicated that different farming practices 
can directly or indirectly impact the prevalence of 
specific bacterial regulators in the soil microenvi-
ronment, thereby also impacting plant health. Agro-
management practices can influence the suppression 
potential of soil by shaping the microbial communi-
ties and changing the edaphic factors, steering the 
microbial structure towards a robust community, and 
deferring the propagation of plant disease-causing 
agents. Organic farming practices involve application 
of bio-amendments, which impact microbial diver-
sity, leading to higher activity of biocontrol enzymes, 
and consequently accentuate phytopathogen suppres-
sion in organic soils.

Conclusion

To summarize, the present study deciphered the role 
of key microbial members and their biological activi-
ties in the rhizospheric soils in developing soil immu-
nity  (i.e. disease-suppressive potential) against vari-
ous plant disease-causing pathogens. High biocontrol 
activities and available nutrients were significantly 
associated with organic farming practices. However, 
available micronutrients were found to be negatively 
associated with the suppression potential. Further, the 
metagenome sequencing revealed the specific mem-
bers of the microbial community in the rhizospheric 
soil of mustard plants grown under organic and con-
ventional farming regimes, and identifyed their roles 

in the vital biological processes, possibly regulating 
plant and soil health. Optimizing the nutrient levels 
in soil could be useful in generating healthy soils. 
Understanding the role of particular biotic and abi-
otic factors could help in soil health management. 
To decipher the mechanisms behind enhanced gen-
eral disease suppression in organic farms, extensive 
research is required to analyse both the abiotic and 
biotic components contributing to phytopathogen 
suppression. This will help elucidate how these fac-
tors interact to create a robust and resilient soil micro-
environment that effectively mitigates plant diseases.
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