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Natural farming as a sustainable
agricultural approach enhances
soil health and microbial diversity
in wheat cultivation: a
metagenomic perspective
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Nandini Vasa1, Rajiv Maniyar3, Dhanvanti Agrawal3, C. K. Patel2,
Doongar Chaudhary3, Chaitanya Joshi1*, Madhvi Joshi1*

and Darshan Dharajiya1,4*

1Gujarat Biotechnology Research Centre (GBRC), Gujarat, India, 2Centre for Natural Resources
Management, Sardarkrushinagar Dantiwada Agricultural University (SDAU), Gujarat, India, 3CSIR -
Central Salt and Marine Chemicals Research Institute, Gujarat, India, 4Bio Science Research Centre,
Sardarkrushinagar Dantiwada Agricultural University (SDAU), Gujarat, India
Natural Farming System (NFS) is an eco-friendly agricultural approach that avoids
chemical inputs and promotes sustainability by utilizing locally available on-farm
resources. Farmers are increasingly adopting NFS, but its scienti�c validation
remains limited due to inadequate comparative studies with the Conventional
Farming System (CFS). This study compared nine NFS treatments with a CFS
control in wheat cultivation to assess impacts on soil microbial diversity, nutrient
status, enzyme activities, and yield. Different NFS treatments showed signi�cant
improvements in soil health, including higher organic carbon, available nitrogen,
and potassium (up to 2.47-, 1.30-, and 1.54-fold, respectively) along with
enhanced microbial enzyme activities (1.35 to 2.49-fold) compared to CFS. 16S
rRNA amplicon metagenomics revealed richer microbial diversity in NFS, with
enrichment of bene�cial bacterial genera such as Microvirga, Gp6, and
Rhizobium, while ITS data indicated higher abundance of Humicola, Amesia,
and Chaetomium in NFS, suggesting improved nutrient cycling and organic
matter decomposition. Co-occurrence networks in NFS showed more positive
correlation (bacteria: 75.3% and fungi: 72.8%) than CFS (bacteria: 59.0% and fungi:
53.6%). Moreover, NFS achieved comparable yields (grain: up to 3807 kg/ha;
straw: up to 6650 kg/ha) and Bene�t-Cost Ratio (up to 4.0, under condition when
farmer owns a cow) compared to CFS (grain: 4088 kg/ha; straw: 4451 kg/ha; BCR:
3.5). NFS treatments with groundnut haulm mulch (>5.0 t/ha) and Ghanjeevamrit
(>1.0 t/ha) performed better, highlighting their potential as sustainable alternative
for wheat cultivation. In contrast, under non-livestock scenarios, NFS was
economically less favorable than CFS. Further long-term evaluation of NFS
treatments across soil types and agroclimatic zones will strengthen and deepen
the understanding of its effects on wheat cultivation.

KEYWORDS

Beejamrit , Ghanjeevamrit , Jeevamrit , metagenomics, natural farming, soil health,
sustainable agriculture
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fagro.2026.1755662/full
https://www.frontiersin.org/articles/10.3389/fagro.2026.1755662/full
https://www.frontiersin.org/articles/10.3389/fagro.2026.1755662/full
https://www.frontiersin.org/articles/10.3389/fagro.2026.1755662/full
https://www.frontiersin.org/articles/10.3389/fagro.2026.1755662/full
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fagro.2026.1755662&domain=pdf&date_stamp=2026-03-24
mailto:joshi.chaitanya@gmail.com
mailto:madhvimicrobio@gmail.com
mailto:darshanbiotech1@gmail.com
https://doi.org/10.3389/fagro.2026.1755662
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/agronomy#editorial-board
https://www.frontiersin.org/journals/agronomy#editorial-board
https://doi.org/10.3389/fagro.2026.1755662
https://www.frontiersin.org/journals/agronomy


Gajjar et al. 10.3389/fagro.2026.1755662
GRAPHICAL ABSTRACT
1 Introduction
The development of farming practices to feed the continuously

increasing global population is a requirement at a given time.
However, intensive agricultural practices for increased yield have
resulted in increasing carbon emissions and adverse effects on soil
health, the surrounding environment, and the quality of the food
chain due to excessive conventional/chemical farming (CF) practice
using chemical pesticides and fertilizers and less attention to
environmentally friendly farming practices (Ozlu et al., 2022).
Natural farming (NF), the sustainable alternative farming
approach, is based on basic ecological principles considered as the
“natural way of farming” which includes no use of chemicals and
the adoption of an ecological farming approach that is believed to
support more diverse and resilient microbial communities to
maintain balance in biodiversity in the ecosystem (Choudhary
et al., 2022; Saharan et al., 2023). In India, natural farming gained
attention through the work of Subhash Palekar, who established the
model of Zero Budget Natural Farming (ZBNF). The approach
encourages the usage of locally accessible resources, e.g., cow urine,
cow dung, and green manure, to restore soil health and to enhance
crop yield without using expensive external inputs (Dev et al.,
2022). Natural farming practice includes the use of mulching and
various NF inputs/bioformulations such as Ghanjeevamrit,
Jeevamrit, and Beejamrit to improve the soil health, nutrient
composition, and plant growth and survival against biotic and
abiotic stresses (Saharan et al., 2023). Beejamrit acts as a natural
seed treatment solution that enhances germination, protects against
soil-borne and seed-borne pathogens, and promotes early seedling
growth (Panchal et al., 2026; Mukherjee et al., 2022). Jeevamrit and
Ghanjeevamrit serve as biofertilizers that enrich soil fertility,
stimulate bene�cial microbial activity, and improve nutrient
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uptake ef�ciency in plants (Saharan et al., 2023). Mulching
further contributes to soil health by conserving moisture,
improving aeration and temperature regulation, and minimizing
erosion and nutrient loss, thereby supporting long-term soil
sustainability (Lakhani and Bodar, 2025).

Understanding the in�uence of different farming practices on
microbial communities is crucial for improving soil health and crop
productivity with evolving agricultural systems that have sparked
widespread interest, particularly in the context of sustainable farming
(Tatsumi et al., 2023). Soil microbiomes play essential roles in nutrient
cycling, soil health, plant growth and development, plant response
toward biotic and abiotic stresses, crop productivity, etc., making them
a key factor in sustainable agriculture (Dubey et al., 2019).
Metagenomics is a non-cultivable and important approach for the
investigation of microbial communities in their natural habitats (Ejaz
et al., 2024). There are very few reports on soil amplicon metagenomics
to evaluate microbial population diversity and structure in the natural
farming system (NFS) in comparison to the chemical/conventional
farming system (CFS). Soil chemical properties, microbial diversity,
and plant yield were improved in NFS compared to CFS in cabbage
and turmeric cultivation (Gajjar et al., 2025; Liao et al., 2019). The soil
metagenomics study comparing NFS with CFS revealed the alteration
in microbial population during the apple growing season in Japan. In
comparison to CFS, NFS induced growth of the bene�cial microbes,
which can induce a defence system of plant and nutrient-cycling
ef�ciency in apple and rice �elds (He et al., 2021; Tatsumi et al.,
2023). It was reported that Jeevamrit, one of the major inputs used in
ZBNF, potentially increased the species diversity of microbes in the soil
and altered the soil microbial composition (Saharan et al., 2023). NF
promoted the growth of bene�cial phyla involved in decomposition of
organic matter and nutrient cycling in sorghum rhizosphere soil
(Kumar et al., 2024).
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Farmers in India and other parts of the world are practicing or
gaining interest in NF; however, there is reluctance towards NF
from the scienti�c community due to insuf�cient evidence of the
concept. To date, very few reports on the effect of NF and CF
practices on soil microbiome are available, and there is no evidence
of such a comparative study in wheat. Hence, the present
investigation was carried out to bridge the knowledge gap by
scienti�cally evaluating the wheat cultivation under CFS and
NFS. The impact of these farming practices on soil nutrients,
enzyme activities, crop yield, and bacterial and fungal diversity,
assessed through amplicon metagenomics was evaluated to provide
deeper insights and scienti�c evidence of this sustainable
farming approach.
2 Materials and methods

2.1 Field experiment and sample collection

The �eld experiment on wheat (Triticum aestivum L. var.
GW-451) was conducted under a semi-arid region i.e., at
Centre for Organic and Natural Farming Research, Centre for
Natural Resources Management, Sardarkrushinagar Dantiwada
Agricultural University (SDAU), Sardarkrushinagar (GPS
coordinates: 24°19’ N 72°19’ E), Banaskantha, Gujarat, India,
during Rabi-2023. Supplementary Figure 1 presents �eld views of
both CFS and NFS experimental plots. Sowing under NFS and CFS
was performed simultaneously on the same day, following
recommended agronomic practices for CFS to serve as a control
for comparison with the treatments of NFS (Table 1). The
experimental design and treatment layout for the NFS are
illustrated in Supplementary Figure 2, while the sampling
numbers and descriptions for both CFS and NFS are summarized
in Supplementary Table 1.

In CFS plot, soil samples were collected in a zig-zag pattern
from nine points to prepare composite samples for both before
sowing (BS) and at harvest (AH) as described in Supplementary
Figure 3. Similarly, in the NFS, BS samples were collected following
the same method to form a composite sample. After pre-sowing
collection, nine NFS treatments (NFS-T1 to NFS-T9 as per Table 1)
were applied in four replications and at harvest, composite soil
samples were collected from each replicated plot (one per treatment
per replication) as shown in Supplementary Figure 4. Accordingly,
CFS-BS, CFS-AH, and NFS-BS were composite samples analyzed in
triplicate, whereas NFS-AH samples (NFS-T1 to NFS-T9) were
composite samples analyzed in four biological replicates. Natural
farming inputs (Jeevamrit, Ghanjeevamrit, and Beejamrit) were
used as components of the NFS treatments and collected for
amplicon metagenomic analysis, with their preparation methods
and compositions detailed in Supplementary Table 2. All soil
samples were stored at -20 °C until analysis of physico-chemical
properties, enzyme activities, and microbial pro�les. For plant
nutrient and yield parameter analysis in NFS, �ve plants per
treatment per replication were randomly selected and mean
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values were calculated, whereas in CFS, �ve plants were randomly
selected and averaged for analysis.

2.2 Analysis of soil chemical and nutrient
properties

The chemical and nutrient analysis of soil samples was
performed using standard methods. The pH and electric
conductivity (EC) of the soil were measured from the supernatant
suspension of 1:2.5 soil: liquid (1 M KCl for pH and water for EC)
mixture by potentiometric method and a conductivity TDS meter
(Systronics, India), respectively. Organic carbon (OC), available
nitrogen (N), available phosphorus (P2O5), available potassium (K)
and sulphate (SO4) in the soil were determined by Walkley-
Black wet oxidation method (Nelson and Sommers, 1982),
alkaline permanganate method (Subbiah and Asija, 1956),
spectrophotometric method (Olsen, 1954), �ame photometric
method (Jackson, 2005), and turbidimetric method (Chesnin and
Yien, 1951), respectively. Available micronutrients (Fe, Mn, Zn, and
Cu) were extracted by diethylene-triaminepentaacetic acid (DTPA)
extraction method (Lindsay and Norvell, 1978) and were estimated
TABLE 1 Details of treatments used under natural and conventional
farming practices.

Particulars Details

Spacing 22.5 × 10 cm#

Seed rate 120-130 kg/ha#

Conventional Farming System (CFS) control

Fertilizer

Urea – 210.0 kg/ha before sowing and 30
DAS

DAP – 130.4 kg/ha before sowing

Pesticide

Seed treatment – Chlorpyriphos 720 ml/ha

Pre-emergence – Pendimethaline 2.5 litre/ha

Post-emergence – Metsulfuron methyl 1.0%
WP + Clodinafop propargyl 15% on 30 DAS

Natural Farming System (NFS) treatments

NFS-T1 No mulch + Ghanjeevamrit @ 0.5 t/ha*

NFS-T2 No mulch + Ghanjeevamrit @ 1.0 t/ha*

NFS-T3 No mulch + Ghanjeevamrit @ 1.5 t/ha*

NFS-T4
Groundnut haulm mulch @ 5.0 t/ha +
Ghanjeevamrit @ 0.5 t/ha*

NFS-T5
Groundnut haulm mulch @ 5.0 t/ha +
Ghanjeevamrit @ 1.0 t/ha*

NFS-T6
Groundnut haulm mulch @ 5.0 t/ha +
Ghanjeevamrit @ 1.5 t/ha*

NFS-T7
Groundnut haulm mulch @ 7.5 t/ha +
Ghanjeevamrit @ 0.5 t/ha*

NFS-T8
Groundnut haulm mulch @ 7.5 t/ha +
Ghanjeevamrit @ 1.0 t/ha*

NFS-T9
Groundnut haulm mulch @ 7.5 t/ha +
Ghanjeevamrit @ 1.5 t/ha*
#Spacing and seed rate were the same for both farming systems.
*Seed treatment with Beejamrit (200 ml/kg) + Jeevamrit @500 l/ha at sowing, 30 and 60 DAS +
Jeevamrit spray @ 7.5% at 60 and 90 DAS.
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by the Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES, SPECTROBLUE FMX 36, Kleve, Germany).

2.3 Analysis of soil microbial enzyme
activity

Activities of different soil enzymes, indicative of C-cycling
(b-glucosidase (BGL) and dehydrogenase (DHA)), N-cycling
(protease (PR) and urease (URE)), P-cycling (alkaline
phosphatase (ALP)), and S-cycling (sulphatase (STS)) were
determined from the soil samples. BGL activity was measured as
described previously (Tabatabai, 1994) with some modi�cations
(Chaudhary et al., 2011). DHA, URE, PR, ALP, and STS activities
were determined using the method described previously (Casida
et al., 1964; Tabatabai and Bremner, 1969, 1970; Ladd and Butler,
1972; Keeney and Nelson, 1982), respectively.

2.4 Assessment of plant nutrient status,
yield attributes, and economic
performance

Total nitrogen and phosphorus in straw samples were determined
using micro Kjeldahl’s method and Vanadomolybdophosphoric acid
method using HNO3, respectively (Jackson, 1973). Total potassium
was determined by a method based on a �ame photometer (Cole
Parmer, Chicago, USA) (Toth et al., 1948). Total sulphur and
micronutrients (Fe, Mn, Zn, and Cu) were analyzed by the method
used for soil nutrient analysis. At the time of harvesting, plant
population, test weight (g), grain yield (kg/ha), and straw yield
(kg/ha) were recorded for CFS and NFS. The total cost of
cultivation and net returns under CFS and NFS for two scenarios
(farmer owns a cow and farmer doesn’t own a cow) were calculated
(Supplementary Table 3).

2.5 16S rRNA and ITS amplicon
metagenomics of soil and natural farming
input samples

The DNA was extracted from soil and three NF input samples
using DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) with
some modi�cations. The quantity and integrity of extracted DNA
were checked and diluted to 5 ng/ml. The 16S rRNA gene (V3-V4
region) was ampli�ed in a polymerase chain reaction (PCR) using
Illumina-barcoded ILL_HP-16S-F and ILL_HP-16S-R primers
(Klindworth et al., 2013). The ITS region was ampli�ed in a PCR
using ITS1 region-speci�c primers ILL_HP-FN-F and
ILL_HP-FN-R (Bellemain et al., 2010). The PCR amplicons from
16S rRNA and ITS PCR were puri�ed using QIAseq beads
(QIAGEN, Hilden, Germany), followed by index PCR using the
compatible index from IDT (Integrated DNA Technologies,
Coralville, IA, USA). Ampli�ed and puri�ed libraries were
normalized to equimolar ratios of 4 nM and quality was checked
using QIAxcel advanced (Qiagen, Hilden, Germany). The libraries
were loaded into the �ow cell of the Illumina NovaSeq 6000
instrument using paired-end chemistry (250×2) following the
manufacturer’s instructions (Illumina, San Diego, CA, USA).
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2.6 Amplicon metagenomics and statistical
data analysis

The raw fastq data from 16S rRNA and ITS amplicon
sequencing were analyzed on Illumina BaseSpace platform
(https://basespace.illumina.com). Taxonomy was assigned to
Amplicon Sequence Variants (ASVs) using pre-trained databases,
a custom database from RDP Classi�er 2.14 for bacteria, and
UNITE database version 10 for fungi. The sequencing data were
�ltered and normalized using MicrobiomeAnalyst 2.0 (Lu et al.,
2023). To ensure comparability across samples, all the �ltered data
were normalized to even sequencing depth based on the minimum
library size. For downstream analysis, Microeco R package (Liu
et al., 2021) was used for robust statistical analysis and data
visualization for metagenomic datasets. To analyze alpha
diversity, different indices i.e., Observed and Chao1 (based on
species richness), Shannon and Simpson (based on species
richness and evenness), were calculated. For comparison between
treatments and determination of signi�cance, one-way ANOVA
followed by Tukey’s HSD post-hoc test was used. To compare
differences in community composition and structure, beta
diversity was analyzed. The Bray-Curtis indices were calculated
for principal coordinates analysis (PCoA) and non-metric
multidimensional scaling (NMDS) analysis. Linear discriminant
analysis (LDA) Effect Size (LEfSe) analysis was performed to
identify the discriminant taxonomic features between different
soil treatments, where thresholds were set as LDA score >3.0 and
P-value <0.01. Correlation analysis was performed between
amplicon data, soil chemical and nutrient parameters, and
enzyme activities using the redundancy analysis (RDA) method
and Pearson correlation coef�cients. The core microbiome analysis
was performed to detect taxa that consistently appeared at high
fraction by applying a threshold of 1% for relative abundance and a
prevalence cutoff of 50% across the samples in MicrobiomeAnalyst
2.0. The comparative bar plot of individual bacterial and fungal
genera was analyzed using one-way ANOVA followed by Tukey’s
HSD post-hoc test to identify signi�cant differences and visualized
as bar plots with error bars and signi�cance letters using the ggplot2
package in R (Wickham, 2011). Venn diagrams were prepared to
analyze common and unique genera between NF input and soil
samples (Oliveros, 2007). To investigate microbial co-occurrence
patterns within NFS and CFS practices, we constructed ecological
networks using SparCC for correlation analysis, implemented using
the SpiecEasi method in R (Kurtz et al., 2015). A �lter threshold of
>0.5% relative abundance was applied to retain relevant taxa, a
correlation threshold of >0.7 was applied based on random matrix
theory method, and adjusted P-value <0.05 was used for network
construction. Each node in the network denotes a genus, and the
edges denote correlations among nodes. Topological coef�cients of
each network, including modularity, clustering coef�cient, network
diameter, network density, average path length, etc., were calculated
to evaluate network complexity. The network visualization was
performed using Gephi (ver. 0.10.1) (Bastian et al., 2009), and
topological roles of nodes were assessed by using threshold values of
within-module (Zi) and among-module (Pi) (Guimera and
Amaral, 2005).
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3 Results

3.1 Analysis of soil chemical properties,
nutrient status, and microbial enzyme
activities

The distribution of soil chemical and nutrient parameters (pH,
EC, OC, N, P, K, S, Fe, Mn, Zn, and Cu) among the soil treatments
is represented in Supplementary Figures 5A–K. Soil groups
included CFS-Before Sowing (CFS-BS), CFS-At Harvest (CFS-
AH), NFS-Before Sowing (NFS-BS), and NFS-At Harvest (NFS-
AH), with NFS-AH group having nine different treatments (e.g.,
NFS-T1 to NFS-T9). Organic carbon (OC), available nitrogen (N),
and potassium (K) were signi�cantly higher in all NFS treatments
compared to the CFS-AH, indicating nutrient enrichment under
natural farming with the highest values were observed in NFS-T6
for OC (0.42%), NFS-T2 for N (216.39 kg/ha), and NFS-T9 for K
(213.09 kg/ha), compared to lower levels in CFS-AH (OC: 0.15%; N:
166.21 kg/ha; K: 138.16 kg/ha). Available micronutrients (S, Fe, Mn,
Zn, and Cu) showed relatively stable levels across treatments, with
NFS-T9 exhibiting the highest concentrations.

Soil microbial enzyme activities are represented in Supplementary
Figures 6A–F. Among the NFS treatments, NFS-T7 to T9 exhibited
the highest BGL activity (up to 24.97 µg PNP/g/hour), which was
signi�cantly higher than observed in CFS-AH (18.44 µg PNP/g/hour).
ALP activity was increased in NFS treatments (99.68 to 111.53 µg
PNP/g/hr) and CFS-AH (71.68 µg PNP/g/hr) compared to NFS-BS
(75.42 µg PNP/g/hr) and CFS-BS (37.02 µg PNP/g/hr), respectively.
NFS-BS (7.61 µg PNP/g/hr) and NFS-T8 and -T9 (8.61 and 8.14 µg
PNP/g/hr) showed signi�cantly higher STS activity than CFS samples
(4.49 to 5.43 µg PNP/g/hr). URE activity showed signi�cant
differences between CFS (5.35-7.61 µg N/g/hr) and NFS (11.12 to
14.63 µg N/g/hr). NFS-T9 (7.04 µg TPF/g/hr) showed a signi�cant
increase in DHA activity over NFS-BS (4.92 µg TPF/g/hr). PR activity
was observed lowest in CFS-BS (3.59 µg Tyrosine/g/hr) and increased
in CFS-AH (6.45 µg Tyrosine/g/hr). NFS treatments, NFS-T7, NFS-
T8, and NFS-T9 (12.08, 11.69, and 12.06 µg Tyrosine/g/hr,
respectively) showed higher activity than NFS-BS (7.65 µg Tyrosine/
g/hr) and CFS samples.

3.2 Analysis of plant nutrient status, yield
attributes, and economic performance

Plant nutrient analysis revealed signi�cant variations for selected
nutrients across from treatments (Supplementary Figures 7A–H).
Total P, Fe, and Zn concentrations were signi�cantly higher in NFS
treatments compared to CFS, while no signi�cant differences were
observed for total N, S, and Cu. Total K was higher in CFS plants
compared to NFS plants. The data for plant yield-related parameters
[plant population, seed yield (kg/ha), straw yield (kg/ha), and test
weight (g)] were also recorded (Supplementary Figures 8A–D), and
no signi�cant differences among plants from CFS and plants from
NFS were observed.

Based on the total cost of cultivation and the selling prices of
grain and straw, the Bene�t-Cost Ratios (BCRs) were calculated for
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both the CFS and NFS. Economic analysis indicated that, under the
“farmer owns a cow” scenario, net returns from NFS treatments
ranged from 63,919 INR (~770 USD) to 93,479 INR (~1,126 USD)
per hectare (Supplementary Table 3). Under the “farmer does not
own a cow” scenario, net returns ranged from 48,826 INR (~588
USD) to 80,308 INR (~968 USD) per hectare. The net return under
CFS was 89,810 INR (~1,082 USD) per hectare, which was higher
than all NFS treatments when the farmer did not own a cow.
Among the NFS treatments, NFS-T5 achieved the highest net return
of 93,479 INR (~1,126 USD) per hectare, followed by NFS-T4 with
87,564 INR (~1,055 USD) per hectare under the “farmer owns a
cow” condition, with corresponding BCRs of 4.00 (NFS-T5) and
3.81 (NFS-T4), both notably higher than the BCR of CFS (3.50). In
contrast, under the “farmer does not own a cow” condition, all
NFS treatments were economically less favorable than CFS,
showing BCRs ranging from 2.01 to 2.94, lower than that of the
conventional system.

3.3 Correlation of soil chemical and
nutrient properties with soil microbial
enzyme activities

The correlation analysis (Supplementary Figure 9) for soil
physicochemical parameters (pH, EC, and OC), available
macronutrient (N, P, and K), and soil enzyme activities (BGL,
ALP, STS, URE, DHA, and PR) represented strong positive
correlations between macronutrients and soil enzyme (BGL, ALP,
URE, DH, and PR) activities, indicating close associations between
nutrient availability and microbial enzyme activity in soil. Strong
positive correlation of OC with ALP and URE activities and
moderate correlations with BGL and PR activities were observed,
suggesting the in�uence of OC availability and microbial enzyme
activity. Soil EC exhibited a strong positive correlation with
available P, K, and BGL activities. The correlation between soil
nutrients and soil enzyme activities (Supplementary Figure 10)
showed total Fe had strong positive correlations with BGL, ALP,
and URE activities. Similarly, available Mn showed a strong positive
correlation with BGL, ALP, URE, and PR activities.

3.4 16S rRNA amplicon metagenomics of
soil samples

The 16S rRNA amplicon sequencing data has revealed
signi�cant insights into microbial diversity of soil samples. A total
of 16,030,549 reads were obtained from all 45 soil samples
(Supplementary Table 4), out of which 14,348,686 (89.50%) reads
were successfully classi�ed into 3,186 unique ASVs. The reads were
normalized to the minimum library size of 80,135 reads to minimize
biases towards varying sequencing depths. The average value of
Good’s coverage (99.81%) across the samples indicated that nearly
all the microbial diversity present in the samples had been captured
through sequencing.

The composition of bacterial communities differed signi�cantly
between the farming systems in terms of the abundance of certain
taxa. The microbial composition of different samples is summarized at
frontiersin.org
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the genus level, and the relative abundance of top 25 genera is shown
in Figure 1A. The Gp6, Microvirga, Gp3, Nitrospira, Mesorhizobium,
and Bradyrhizobium showed a notable increase in the NFS treatments
compared to the CFS (Supplementary Figure 11). The relative
abundance of Gp6 signi�cantly increased in NFS from 1.32% (NFS-
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BS) to 5.45-6.65% in NFS treatments, while it was decreased from
5.99% (CFS-BS) to 2.95% (CFS-AH) in CFS. The relative abundance
of Microvirga was signi�cantly increased in NFS treatments (5.61 to
6.38%) compared to NFS-BS (0.62%) and signi�cantly increased in
CFS-AH (4.01%) compared to CFS-BS (2.86%).
FIGURE 1

Soil metagenome analysis based on 16S rRNA amplicon sequencing. (A) Taxonomic composition showing relative abundance of the top 25 most
abundant bacterial genera. Comparison of alpha diversity indices for (B) Observed, (C) Chao1, (D) Shannon, and (E) Simpson indices among soil
treatments. Beta diversity analysis using (F) PCoA and (G) NMDS plots. CFS, Conventional Farming System; NFS, Natural Farming System; BS, Before
Sowing; AH, At Harvest; NFS-T1 to NFS-T9, NFS Treatment-1 to 9 considered under NFS-AH group. Different letters indicate signi�cant differences
between soil treatments based on one-way ANOVA, followed by Tukey’s HSD post-hoc test for pairwise comparisons (P-value <0.05).
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The alpha diversity analysis was performed across different soil
treatments (Figures 1B–E) using four different diversity indices
(Observed, Chao1, Shannon, and Simpson). The Observed index
showed no signi�cant difference in CFS-AH (1013) compared to
CFS-BS (1018). However in NFS, all NFS-AH samples (up to 1098)
exhibited signi�cantly higher microbial diversity compared to NFS-
BS (968). Chao1 index which focuses more on rare species, showed
that NFS-AH samples (1151 to 1195) exhibited signi�cantly higher
diversity compared to NFS-BS (1092). A similar trend was observed
in CFS, but the extent of increment was higher in NFS compared to
CFS. Shannon and Simpson indices showed a signi�cant decline in
CFS-AH compared to CFS-BS whereas, signi�cant increase in
NFS-AH samples compared to NFS-BS. Based on Bray-Curtis
dissimilarity, PCoA and NMDS plots depicted the beta-diversity of
bacterial communities across different soil treatments (Figures 1F, G).
The high percentage of variation in data explained by PCo1 (51.9%)
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and PCo2 (17.5%) with clustering of distinct groups in PCoA plots
and the low NMDS stress value (0.08) in NMDS plots, both indicated
statistically signi�cant differences in community composition among
the soil treatments.

The LEfSe analysis showed that a total of 59 features were
signi�cantly discriminant across soil groups based on Kruskal-
Wallis H rank-sum test with P-value < 0.01 and LDA score >3.0
(Supplementary Table 5). LEfSe analysis for top 30 taxa that are
signi�cantly enriched in different soil groups is represented in
Figure 2A. In CFS, Gaiella, Gemmatimonas, Soliurobacter,
Nitrospira, etc., taxa were signi�cantly higher in CFS-BS, while
CFS-AH showed the enrichment of genera like Rubrobacter,
Domibacillus, Kallotenue, Sphingomonas, and Arthrobacter. On the
other hand, NFS showed enrichment of Priestia, Neobacillus,
Ammoniphilus, Euzebya, Niallia, Gp16 (unclassi�ed acidobacteria),
etc., were higher in NFS-BS, whereas, several genera, including
FIGURE 2

Comparative analysis of bacterial community structure and their associations with soil properties. (A) LEfSe analysis across soil groups with LDA >3.0
and P-value <0.01. Core microbiome analysis of (B) CFS and (C) NFS with 50% sample prevalence and >1% relative abundance. RDA plot showing
relationships between microbial composition with (D) soil microbial enzyme activities and (E) soil chemical-nutrient properties across soil
treatments. CFS, Conventional Farming System; NFS, Natural Farming System; BS, Before Sowing; AH, At Harvest; NFS-T1 to NFS-T9, NFS
Treatment-1 to 9 considered under NFS-AH group.
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Microvirga, unclassi�ed acidobacteria (Gp6, Gp3, Gp4),
Stenotrophobacter, and Tepidipharea showed strong enrichment in
NFS-AH. The core microbiome of CFS (Figure 2B) has revealed a
difference in the patterns of microbial prevalence compared to NFS
(Figure 2C). Some genera, such as Rubrobacter, Neobacillus, Gp6,
Ammoniphilus, Bacillus, Domibacillus, Microvirga, Paenibacillus,
Ectobacillus, Gp16, Streptomyces, and Oxalophagus were present in
CFS as well as NFS. The genera Gaiella, Solirubrobacter, and Euzebya
were speci�c to CFS, while Priestia, Gp3, Gp4, and Sphingomonas
were speci�c to NFS.

The RDA plot (Figure 2D) explained the relationships between
soil microbial enzyme activities and the top 10 abundant bacterial
genera across different soil treatments. The �rst two RDA axes
collectively accounted for 92.7% of the total variance. The RDA
analysis revealed that the NFS-AH (NFS-T1 to T9) was separated
and more scattered along the positive RDA1 axis, indicating higher
microbial diversity and stronger association with soil enzyme
activities. Several key microbial genera, Microvirga, Gp3, Gp6,
showed strong positive associations with microbial enzyme
activities (BGL, ALP, PR, URE, and DHA) in NFS-AH, while
Bacillus, Ectobacillus, and Paenibacillus had a stronger association
with NFS-BS. In contrast, CFS groups cluster tightly on the negative
RDA1 and RDA2 axes, suggesting a negative association with most
enzyme activities. Similarly, another RDA plot with axes explaining
83% of the total variance (Figure 2E) highlighted the relationships
between soil chemical and nutrient parameters with the top 10
abundant bacterial genera across different soil treatments. The
variation in NFS treatments was associated with increased
nutrient availability, particularly for essential nutrients like OC,
N, P, K, Mn, and Fe, which might be associated with speci�c
microbial genera such as Microvirga, Gp3, and Gp6. Soil nutrients
such as Zn, Cu, and S, along with microbial genera Bacillus,
Ectobacillus, Paenibacillus, and Priestia, positively contribute to
the variation in NFS-BS. Notably, Rubrobacter was located farther
from the nutrient vectors which showed a negative association with
NFS and little positive in�uence on CFS.

3.5 ITS amplicon metagenomics of soil
samples

The amplicon sequencing for the ITS region of all 45 soil samples
generated a total of 22,169,853 reads, out of which 18,273,402 (82.42%)
were classi�ed (Supplementary Table 6) in a total of 1,509 distinct
ASVs. The sequencing depth was normalized to a minimum library size
of 1,65,473 across all samples. The structure of fungal communities
exhibited signi�cant variation across the farming systems. The fungal
taxonomic pro�le of the top 25 genera in soil treatments, with the
relative abundance, is illustrated in Figure 3A. The prevalence of certain
dominant genera demonstrated signi�cant variations among the soil
treatments. The relative abundance of Humicola (NFS-T1: 11.47%),
Chaetomium (NFS-T3: 3.07%), Amesia (NFS-T2: 5.04%), etc., exhibited
a signi�cant increase in NFS treatments compared to NFS-BS (3.87%,
0.70%, and 3.66%, respectively), while in CFS, they were present in
negligible proportions. The variation in the relative abundance of
some other fungal genera is shown in Supplementary Figure 12.
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Neurospora was present in higher proportions in CFS-BS (3.99%)
and CFS-AH (4.22%) compared to NFS treatments, having a very
negligible presence.

The fungal alpha diversity analysis was performed across
various soil treatments (Figures 3B–E) of both farming systems.
For the Observed and Chao1 indices, treatments NFS-T9
(Observed: 310; Chao1: 330) followed by NFS-T7 (Observed: 309;
Chao1: 327) showed signi�cantly higher microbial diversity
compared to NFS-BS (Observed: 275; Chao1: 291), CFS-BS, and
CFS-AH samples. Shannon and Simpson indices showed no
signi�cant differences in samples of both farming systems. Based
on Bray-Curtis dissimilarity, PCoA and NMDS analysis was
performed, and the plots depicted the beta diversity across
different soil treatments (Figures 3F, G). The percentage of
variation (49.4%) in the data explained by PCoA axes (PCo1:
30.5% and PCo2: 18.9%) and the NMDS stress value (0.12),
indicated the moderate level of distortion in fungal community
composition among the soil treatments. The distinct clustering of
NFS in PCoA and NMDS suggested that NFS possessed a unique
microbiome, which is signi�cantly different from the CFS.

The LEfSe analysis (Figure 4A) showed the top 30 signi�cantly
enriched taxa among different soil groups. A total of 42 features were
signi�cantly discriminant across soil groups, considering the Kruskal-
Wallis H rank-sum test, P-value < 0.01 and LDA score >3.0
(Supplementary Table 7). In CFS, taxa such as Stachybotrys,
Rhexothecium, Curvularia, and Neurospora were signi�cantly
enriched in the CFS-AH with LDA score >4.0. However, Humicola,
Amesia, Mortierella, and Chaetomium were strongly enriched (LDA
>4.0), and Actinomortierella, Hydropispheara, Torula, and Lectera
were enriched (LDA >3.0) in the NFS-AH. The core microbiome has
shown the sharing of core fungal genera, such as Acrophialosphora,
Aspergillus, Fusarium, Allocanariomyces, Curvularia, Alternaria, etc.
between farming systems with different prevalence patterns,
suggesting variations in microbial diversity between farming
systems. However, Xenomyrothecium, Neurospora, Rhexothecium,
and Cladosporium were speci�c to CFS (Figure 4B), and Humicola,
Amesia, Corynascus, Chaetomium, Actinomortierella, Talaromyces,
Cephaliophora, Albi� mbria, Mortierella, and Bisifusarium
were speci�c to NFS (Figure 4C), possibly due to soil conditions
that favored the abundance of such fungi in the respective
farming system.

The RDA plot has explained the relationships between soil
enzyme activities and the top abundant fungal genera across
different soil treatments (Figure 4D). The �rst two RDA axes
collectively accounted for 81.3% of the total variance. The genera
like Amesia, Humicola, and Allocanariomyces were positively
associated with the NFS treatments. The RDA plot (Figure 4E) also
highlighted the relationships between soil nutrient parameters and
fungal genera across different soil treatments, with 64.4% of the total
variance. Macronutrients, such as available N, K, P, and OC were
positively associated with NFS treatments, and fungal genera such as
Humicola, Allocanariomyces, and Amesia also showed positive
associations. On the other hand, genera like Rhexothecium,
Neurospora, Stachybotrys, Xenomyrothecium, and Curvularia
showed a stronger association with the CFS.
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3.6 Microbial co-occurrence network
analysis under CFS and NFS

The co-occurrence network analysis revealed contrasting
microbial community structures between farming systems. Network
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properties were given in Supplementary Table 8. The microbial
networks under CFS (Figures 5A, C) were dense and highly
connected, with lower modularity and strong interdependence
among taxa, re�ecting ef�cient microbial cooperation but less
adaptive community structure. In contrast, microbial networks
FIGURE 3

Soil metagenome analysis based on ITS amplicon sequencing. (A) Taxonomic composition showing relative abundance of the top 25 most abundant
fungal genera. Comparison of alpha diversity indices for (B) Observed, (C) Chao1, (D) Shannon, and (E) Simpson indices among soil treatments. Beta
diversity analysis using (F) PCoA and (G) NMDS plots. CFS, Conventional Farming System; NFS, Natural Farming System; BS, Before Sowing; AH, At
Harvest; NFS-T1 to NFS-T9, NFS Treatment-1 to 9 considered under NFS-AH group; Different letters indicate signi�cant differences between soil
treatments based on one-way ANOVA, followed by Tukey’s HSD post-hoc test for pairwise comparisons (P-value <0.05).
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