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Abstract
Background  Turmeric (Curcuma longa L.) is a key spice, medicinal and industrially important crop that is increasingly 
being cultivated under sustainable practices such as natural farming system (NFS). This study compares NFS and 
conventional/chemical farming system (CFS) in terms of soil physicochemical properties, enzyme activities, microbial 
diversity, and yield parameters, providing a comprehensive understanding of their ecological and agronomic impacts.

Results  Field experiments evaluated nine NFS treatments alongside CFS for high throughput amplicon (16S rRNA 
and ITS) metagenomics, soil physicochemical properties, enzyme activities, and yield parameters. NFS treatments 
with ≥ 5 t/ha mulching and 4 t/ha Ghanjeevamrit (i.e. NFS-T6 and NFS-T9) significantly enhanced soil organic carbon 
(~ 0.25%), nitrogen (~ 239.9 kg/ha), and phosphorus (~ 38.16 kg/ha), alongside elevated enzyme activities like alkaline 
phosphatase (ALP; ~112.11 µg PNP/g/hr) and protease (PR; ~16.22 µg Tyrosine/g/hr). These treatments also exhibited 
significantly higher microbial richness and evenness (Shannon index: ~5.09; Simpson index: ~0.981). NFS enriched 
beneficial bacterial (e.g., Priestia, unclassified Acidobacteria, etc.) and saprophytic fungal genera (e.g., Humicola, 
Mortierella, etc.), enhancing soil nutrient cycling and soil health. Conversely, CFS enriched chemical-resilient and 
pathogenic taxa (e.g., Alternaria, Curvularia, etc.). NFS-T5 (40.66 t/ha) and NFS-T9 (40.47 t/ha) yielded over twice the 
fresh rhizome compared to CFS. NFS treatments recorded higher net returns and Benefit-Cost Ratios (BCRs) of 7.51 
to 10.57. Microbial profiling of natural farming (NF) inputs (Beejamrit, Jeevamrit, and Ghanjeevamrit) showed distinct 
bacterial and fungal communities influencing soil microbiome structure. Co-occurrence network analysis of NF soils 
revealed that microbial taxa introduced via NF inputs had limited integration into native soil communities, indicating 
selective incorporation governed by competitive ecological interactions.
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Introduction
Turmeric (Curcuma longa L.), a medicinal and spice crop 
widely cultivated in tropical and subtropical regions, 
plays a significant role in traditional medicine, culinary 
applications, agro-industrial sectors, textile, pharmaceu-
tical and cosmetics industries [1]. The growing demand 
for turmeric, particularly for its bioactive compound cur-
cumin, has led to increased cultivation intensity, often 
relying on chemical fertilizers and pesticides. However, 
excessive use of agrochemicals in conventional farming 
(CF) depletes soil health, disrupts microbial diversity, and 
increases environmental pollution [2]. There is a grow-
ing emphasis on sustainable farming approaches such 
as natural farming over CF among smallholder farmers 
to mitigate these impacts [3, 4]. Natural farming (NF) is 
an ecological approach that eliminates synthetic fertil-
izers and pesticides, instead relying on locally prepared 
cow-based traditional bioformulations such as Jeevamrit, 
Ghanjeevamrit, Beejamrit, and the practice of mulching 
[3]. It enhances soil health, crop yield, support benefi-
cial microbial communities with reduced cost of inputs 
[3, 5]. NF inputs are widely applied across various crops, 
including cereals, pulses, oilseeds, vegetables, and fruits 
[6]. Beejamrit serves as a seed treatment that promotes 
germination, protects against seed-borne pathogens, and 
supports early seedling vigor [7]. Jeevamrit and Ghanje-
evamrit function as biofertilizers that improve soil fertil-
ity, stimulate beneficial microbes, and enhance nutrient 
uptake efficiency in plants [3]. Additionally, mulching 
improves soil moisture retention, aeration, and tempera-
ture regulation while reducing erosion and nutrient loss, 
thereby maintaining long-term soil health [8].

Soil microbiomes play a crucial role in nutrient trans-
formation, organic matter decomposition, disease sup-
pression, and plant growth promotion [9]. The turmeric 
rhizosphere harbors a diverse microbial community, as 
assessed using cultivable techniques, which plays a role 
in influencing crop productivity [10]. Studies have shown 
that NF promotes beneficial microbial populations, 
including plant growth-promoting rhizobacteria (PGPR) 
such as Bacillus and Pseudomonas, which enhance nutri-
ent availability and pathogen resistance in turmeric [11]. 
Furthermore, metagenomic studies have revealed shifts 
in microbial diversity and function in response to differ-
ent agricultural practices, highlighting the importance of 
understanding soil microbial dynamics under NF [3].

Unlike CF, NF practices encouraged the proliferation of 
beneficial microbes that enhance plant defense mecha-
nisms and improve nutrient cycling efficiency in apple 
and rice fields [12, 13]. Additionally, NF supported the 
growth of beneficial microbial phyla involved in organic 
matter decomposition and nutrient cycling in rhizo-
sphere soil [14]. Research suggested that turmeric rhi-
zomes grown in organic soil exhibited better growth and 
development compared to those in CF and organic farm-
ing (OF) positively influence the growth and quality of 
black turmeric [15]. Study related to turmeric cultivation 
under OF is limited and scientific studies on the compar-
ative impact of NF and CF on turmeric-associated micro-
bial communities remain unexplored. Thus, the present 
study aimed to evaluate the impact of NF and CF on soil 
microbial diversity, nutrient properties and enzyme activ-
ity in turmeric cultivation. The findings will contribute 
to understanding the microbial mechanisms underlying 
sustainable turmeric farming and provide insights into 
the potential benefits of NF for improving soil health, soil 
nutrients, and rhizome yield.

Materials and methods
Experimental design and field sampling
A field experiment on turmeric (Curcuma longa var. 
GNT-3) was conducted under a semi-arid climate at 
the Centre for Organic and Natural Farming Research, 
Centre for Natural Resources Management, Sardark-
rushinagar Dantiwada Agricultural University (SDAU), 
Sardarkrushinagar, Banaskantha, Gujarat, India (24°19′ 
N, 72°19′ E) from June 2023 to January 2024. Before the 
experiment, the NF plot had followed organic practices 
(applications of FYM and plant mulch) for five years 
without chemical inputs, while the CF plot was managed 
with recommended fertilizer and pesticide applications. 
In previous crop season both plots remained fallow, and 
no prior turmeric cultivation was done. The crop was 
sown simultaneously under the conventional farming 
system (CFS) and natural farming system (NFS). Recom-
mended agronomic practices were followed for CFS to 
serve as a control for comparison with NFS treatments 
(Table  1). The NFS experimental design and treatment 
details are shown in Supplementary Figure S1. Sampling 
details under CFS and NFS are provided in Supplemen-
tary Table S1.

Conclusions  Natural farming practices significantly enhanced soil fertility, microbial community structure, enzymatic 
activity (ALP and PR), and turmeric productivity with superior BCRs. These findings provide scientific evidence 
supporting natural farming as a viable and sustainable agricultural approach, contributing to improved soil health and 
crop performance in turmeric cultivation.

Keywords  Natural farming, Turmeric, Soil metagenomics, Sustainable agriculture, Ghanjeevamrit, Jeevamrit, Beejamrit, 
Soil health
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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 shown 
in Supplementary Figure S2. In NFS, BS samples were 
collected similarly to form a composite sample. After pre-
sowing collection, nine NFS treatments (NFS-T1 to NFS-
T9) were applied in four replications, and post-harvest 
composite soil samples were collected from each repli-
cated plot (one per treatment per replication) as shown 
in Supplementary Figure S3. Accordingly, CFS-BS, CFS-
AH, and NFS-BS samples were composite samples ana-
lyzed in triplicate, whereas NFS-AH samples (NFS-T1 to 
NFS-T9) represented composite samples analyzed in four 
biological replicates. Natural farming inputs, Jeevamrit, 
Ghanjeevamrit, and Beejamrit were used as NFS treat-
ment components and were also collected for amplicon 
metagenomics. All soil samples were stored at − 20  °C 
until analysis of physico-chemical properties, enzyme 
activities, and microbial profiles. For plant nutrient and 
yield parameter analysis, in NFS, five plants per treat-
ment per replication were randomly selected and mean 
values were calculated, whereas in CFS, five plants were 
randomly selected and averaged for analysis.

Assessment of soil physicochemical properties
Standard analytical methods were used to assess soil 
chemical and nutrient properties. Soil pH and electric 
conductivity (EC) were measured in a 1:2.5 soil-to-liquid 
suspension using 1 M KCl for pH and distilled water for 
EC, analyzed with a potentiometric method and a con-
ductivity TDS meter (Systronics, India). Organic car-
bon (OC) was determined using the Walkley-Black wet 
oxidation method [16]. Available nitrogen (N) was esti-
mated by the alkaline permanganate method [17], avail-
able phosphorus (P2O5) by spectrophotometric method 
[18], and available potassium (K) using flame photomet-
ric method [19]. Sulphate (SO4) content was determined 
using the turbidimetric method [20]. Available micronu-
trients (Fe, Mn, Zn, and Cu) were extracted using diethyl-
ene-triaminepentaacetic acid (DTPA) extraction method 
[21] and quantified via Inductively Coupled Plasma Opti-
cal Emission Spectroscopy (ICP-OES, SPECTROBLUE 
FMX 36, Kleve, Germany).

Evaluation of soil microbial enzyme activities
Soil enzyme activities indicative of carbon, nitro-
gen, phosphorus, and sulphur cycling were analyzed. 
β-glucosidase (BGL) activity was measured following 
the protocol described previously [22] with some modi-
fications [23]. Dehydrogenase (DHA), Urease (URE), 
Protease (PR), Alkaline Phosphatase (ALP), and Sulpha-
tase (STS) activities were determined using protocols 
described previously [24–28].

Analysis of plant nutrient content and yield parameters
Total nitrogen and phosphorus in straw samples were 
estimated using the micro Kjeldahl’s method and Vana-
domolybdophosphoric acid method with HNO3, respec-
tively [29]. Total potassium was determined using a flame 
photometer (Cole Parmer, Chicago, USA) following [30]. 
Total sulphur and micronutrients (Fe, Mn, Zn, and Cu) 
were analyzed using the same methods as those applied 
for soil nutrient analysis. At harvest, plant population, 
plant height (cm), number of primary and secondary 
rhizomes per plant, and fresh rhizome yield (t/ha) were 
recorded for both CF and NF. The cost of total inputs 
used in CF and NF for two conditions (farmer owns a 
cow and farmer doesn’t own a cow) were calculated (Sup-
plementary Table S2).

Amplicon (16S rRNA and ITS) metagenomics of soil and 
natural farming inputs
DNA was extracted from soil and NF input samples 
using the DNeasy PowerSoil Pro Kit (Qiagen, Hilden, 
Germany) with vortexing for 15 min to ensure thorough 
homogenization and lysis. The DNA quality and integ-
rity were assessed, and 16S rRNA gene (V3-V4 region) 
was amplified via polymerase chain reaction (PCR) using 

Table 1  Details of treatments used under natural and 
conventional farming practices in turmeric cultivation
Particulars Details
Spacing 55-20 cm × 20 cm (Paired row)#

Seed rate 2200–2500 kg/ha#

Conventional Farming System (CFS) control
  Fertilizer Urea – 79.50 kg/ha in 2 split doses at 

before sowing and 90 DAS
DAP – 130.4 kg/ha before sowing
MoP – 100 kg/ha before sowing

Natural Farming System (NFS) treatments
  NFS-T1 No Mulch + Ghanjeevamrit @ 2.5 t/ha*

  NFS-T2 No Mulch + Ghanjeevamrit @ 3.5 t/ha*

  NFS-T3 No Mulch + Ghanjeevamrit @ 4.0 t/ha*

  NFS-T4 Wheat straw mulch @ 5.0 t/
ha + Ghanjeevamrit @ 2.5 t/ha*

  NFS-T5 Wheat straw mulch @ 5.0 t/
ha + Ghanjeevamrit @ 3.5 t/ha*

  NFS-T6 Wheat straw mulch @ 5.0 t/
ha + Ghanjeevamrit @ 4.0 t/ha*

  NFS-T7 Wheat straw mulch @ 7.5 t/
ha + Ghanjeevamrit @ 2.5 t/ha*

  NFS-T8 Wheat straw mulch @ 7.5 t/
ha + Ghanjeevamrit @ 3.5 t/ha*

  NFS-T9 Wheat straw mulch @ 7.5 t/
ha + Ghanjeevamrit @ 4.0 t/ha*

#Spacing and seed rate were same for both farming system
*Seed treatment with Beejamrit (200 ml/kg) + Jeevamrit @500 l/ha at sowing, 30 
and 60 DAS + Jeevamrit spray @ 7.5% at 90 and 120 DAS
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Illumina-barcoded primers (ILL_HP-16S-F and ILL_HP-
16S-R) [31]. The ITS region was amplified using ITS1 
region specific primers (ILL_HP-FN-F and ILL_HP-
FN-R) [32]. The resulting amplicons were purified using 
QIAseq beads (QIAGEN, Hilden, Germany), followed 
by index PCR with IDT-compatible index (Integrated 
DNA Technologies, Coralville, IA, USA). Purified librar-
ies were normalized to equimolar ratios (4 nM), and their 
quality was assessed using QIAxcel advanced (Qiagen, 
Hilden, Germany). Sequencing was performed on the 
Illumina NovaSeq 6000 platform using paired-end chem-
istry (250 × 2), following the manufacturer’s guidelines 
(Illumina, San Diego, CA, USA).

Bioinformatics and statistical data analysis
Quality control (QC) of raw FASTQ sequences from 16S 
rRNA and ITS amplicon metagenomics were performed 
using FASTQC and analyzed on the Illumina BaseSpace 
platform (​h​t​t​p​​s​:​/​​/​b​a​s​​e​s​​p​a​c​​e​.​i​​l​l​u​m​​i​n​​a​.​c​o​m). Taxonomic 
classification of amplicon sequence variants (ASVs) 
was conducted using the RDP Classifier 2.14 for bacte-
ria and the UNITE database v10 for fungi. Samples with 
low-quality data and outliers were removed. The filtered 
sequencing data were normalized to an even sequenc-
ing depth based on the minimum library size. Filtered 
sequencing data were normalized to even sequencing 
depth based on the minimum library size. Downstream 
statistical analysis and data visualization were performed 
using the Microeco R package [33]. Alpha diversity was 
assessed using Observed and Chao1 indices (species 
richness) and Shannon and Simpson indices (species 
richness and evenness), and for comparison between 
groups and significance, one-way ANOVA followed by 
Tukey’s HSD post hoc test was used. Beta diversity was 
evaluated using Bray-curtis indices for principal coordi-
nates analysis (PCoA) and non-metric multidimensional 
scaling (NMDS). Outlier samples were not considered for 
data analysis. Linear discriminant analysis (LDA) Effect 
Size (LEfSe) was used to identify discriminant taxonomic 
features between soil groups, applying an LDA score 
>3.0 and p-value ≤0.01 as thresholds. Correlation analy-
sis between amplicon metagenomics data, soil chemical 
properties, and enzyme activities were performed using 
redundancy analysis (RDA) and Pearson correlation coef-
ficients. Core microbiome analysis was conducted using 
MicrobiomeAnalyst 2.0 [33], identifying taxa with a rela-
tive abundance threshold of >1% and a prevalence cutoff 
of 50%. Comparative bar plots of bacterial and fungal 
genera were analyzed using one-way ANOVA followed 
by Tukey’s HSD post hoc test for significance, visual-
ized with ggplot2 [34]. Venn diagrams were generated to 
identify common and unique genera between NF inputs 
and soil samples [35]. To generate a combined microbial 
co-occurrence network for NFS and NF input, individual 

networks were constructed using SparCC for correlation 
analysis, implemented via the SpiecEasi method in R [36]. 
Taxa with relative abundance >0.1% and correlation coef-
ficients >0.6 (adjusted p <0.05) were retained based on 
random matrix theory method. Data of nodes and edges 
were merged by identifying common nodes and edges 
between NF soils and NF inputs. The merged data were 
imported into Gephi for visualization. Networks topo-
logical properties were analyzed, and visualization was 
performed in Gephi (ver. 0.10.1) [37].

Results
Soil physicochemical properties, nutrients, and enzyme 
activities
The Supplementary Figure S4 (A-K) provides a com-
parative analysis of key soil physicochemical parameters, 
including pH, electrical conductivity (EC), organic car-
bon (OC), and essential macro- and micronutrients (N, 
P, K, S, Fe, Mn, Zn, and Cu), across different soil groups 
under CFS and NFS. Significant variations in available 
soil nutrients and chemical properties were observed 
among different soil groups. Soils of CFS and NFS exhib-
ited significant reduction in OC levels e.g. 0.13% (CFS-
AH) from 0.17% (CFS-BS) and 0.18–0.25% (NFS-AH) 
from 0.35 (NFS-BS), respectively. Available nitrogen 
levels were relatively higher in NFS treatments (167.8 
(NFS-T9)-239.9 (NFS-T7) kg/ha) compared to CFS 
groups (120.7 (CFS-BS)-144.3 (CFS-AH) kg/ha). Nota-
bly, available P was significantly higher in NFS-BS (64 kg/
ha) and reduced in NFS-AH ranged from 38.2 (NFS-T6) 
to 27.9 kg/ha (NFS-T9). In CFS also, it was significantly 
reduced to 23.0 kg/ha (CFS-AH) from 27.9 kg/ha (CFS-
BS). A significant increase in available K was observed 
in CFS, rising from 146.4  kg/ha (CFS-BS) to 164.9  kg/
ha (CFS-AH). In contrast, K levels declined across NFS 
treatments (126.6 (NFS-T3)-142.5 (NFS-T6) kg/ha) com-
pared to NFS-BS (183.6  kg/ha). Moreover, Mn and Cu 
levels showed a noticeable decline in NFS treatments 
compared to NFS-BS whereas, available S, Fe and Zn 
remained relatively stable with minor variations across 
NFS treatments.

The results of soil enzyme activity analysis are illus-
trated in Supplementary Figure S5 (A-F). BGL activity 
significantly increased in CFS-AH (33.33  µg PNP/g/hr) 
compared to CFS-BS (14.26  µg PNP/g/hr). However, in 
NFS treatments, BGL activity decreased (30.14 (NFS-
T1)-39.51 (NFS-T6) µg PNP/g/hr) compared to NFS-BS 
(60.39  µg PNP/g/hr). ALP activity showed a significant 
increase in certain NFS treatments, with the highest 
activity observed in NFS-T3 (112.11  µg PNP/g/hr), fol-
lowed by NFS-T4 (104.12  µg PNP/g/hr) and NFS-T5 
(98.41 µg PNP/g/hr). In CFS, ALP activity was increased 
to 71.9  µg PNP/g/hr (CFS-AH) from 47.48  µg PNP/g/
hr (CFS-BS), remained very low from NFS treatments. 

https://basespace.illumina.com
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For STS, DHA, and URE activities were relatively sta-
ble across NFS treatments (NFS-T1 to NFS-T9), which 
remained at par with CFS-AH. PR activity increased sig-
nificantly in some NFS treatments, with NFS-T9 exhib-
ited highest value (16.22  µg Tyrosine/g/hr), followed by 
NFS-T7 and NFS-T5 (14.50 and 14.39  µg Tyrosine/g/
hr, respectively), increased from 12.56  µg Tyrosine/g/hr 
(NFS-BS). The PR activity in NFS was significantly higher 
than CFS (6.4  µg Tyrosine/g/hr (CFS-BS) and 10.6  µg 
Tyrosine/g/hr (CFS-AH)). Interestingly, PR activity dis-
played a dose-dependent increase in activity with higher 
applications of Ghanjeevamrit and mulch.

Plant nutrient profiles and yield attributes
Plant nutrient analysis revealed significant variations 
among different treatments (Supplementary Figure S6 
(A-H)). Certain NFS treatments exhibited significantly 
higher levels of total N, P, and Fe compared to CFS. How-
ever, remaining nutrients were relatively stable across 
NFS treatments and were comparable to CFS. Yield-
related parameters showed no significant differences 
between CFS and NFS treatments for plant population, 
number of primary rhizomes per plant and number of 
secondary rhizomes per plant (Supplementary Figure 
S7 (A-E)). However, plant height increased with higher 
doses of Ghanjeevamrit and mulch. Fresh rhizome yields 
were significantly higher (34.2–40.7 t/ha) in all NFS treat-
ments except NFS-T1 than yield of CFS (19.3 t/ha). The 
highest yield recorded in NFS treatments was for NFS-T5 
(40.66 t/ha), followed closely by NFS-T9 (40.47 t/ha).

Based on the cost of inputs and rhizome selling price, 
Benefit-Cost Ratios (BCRs) was calculated for CFS and 
NFS. Economic analysis revealed the clear superior-
ity of NFS treatments over CFS in turmeric cultivation. 
If “a farmer owns a cow”, net returns under NFS treat-
ments ranged between 750,630 INR (~ 9,040 USD) and 
1,104,360 INR (~ 13,300 USD) per hectare (Supple-
mentary Table S2). If “a farmer doesn’t own a cow”, net 
returns under NFS treatments ranged between 719,980 
INR (~ 8,675 USD) and 1,050,710 INR (~ 12,655 USD) per 
hectare, significantly surpassing the net return of 361,477 
INR (~ 4,355 USD) per ha recorded under CFS. Among 
the NFS treatments, NFS-T5 recorded the highest net 
returns of 1,104,360 INR (~ 13,300 USD) per ha followed 
by NFS-T9 with 1,061,430 INR (~ 12,780 USD) per ha, 
under the “farmer owns a cow” scenario, with BCRs of 
10.57 (NFS-T5) and 10.20 (NFS-T9). Even in the “farmer 
doesn’t own a cow” condition, these treatments remained 
economically superior over CFS, showing BCRs of 7.22 
(NFS-T5) and 6.52 (NFS-T9) - substantially higher than 
CF’s BCR of 3.99. Notably, the lowest-performing NFS 
treatment (NFS-T1) still outperformed CFS economi-
cally, achieving a BCR of 5.93 (without cow).

Association between soil physicochemical properties and 
microbial enzyme activities
The correlation analysis between soil enzyme activities 
(BGL, ALP, STS, URE, DHA, and PR) and soil physico-
chemical parameters, including macronutrients (pH, EC, 
OC, N, P, K) and micronutrients (S, Fe, Mn, Zn, and Cu) 
is shown in Supplementary Figure S8 and S9. A strong 
positive correlation was observed between OC and BGL 
activity, while OC also displayed moderate positive corre-
lations with ALP, STS, DHA, and URE activities. Among 
macronutrients, available N exhibited a moderate posi-
tive correlation with BGL, STS, and PR, whereas avail-
able P showed a strong positive correlation with BGL and 
DHA and a moderate positive correlation with STS and 
URE. Additionally, available K correlated strongly with 
DHA and moderately with BGL and URE. Correlation 
between enzyme activities and micronutrients revealed 
significant interactions affecting nutrient dynamics. BGL, 
ALP, and STS exhibited strong to moderate positive cor-
relations with Fe and S, while DHA correlated positively 
with Mn, Zn, and Cu. Moreover, URE and BGL showed 
positive correlation with Mn, whereas PR and ALP were 
negatively correlated with Cu.

Soil bacterial community profiling based on 16S rRNA 
amplicon metagenomics
   16S rRNA amplicon metagenomics data revealed valu-
able insights into microbial diversity of turmeric soil sam-
ples. A total of 16,774,762 reads were obtained from 45 
soil samples (Supplementary Table S3), with 14,872,549 
reads (88.66%) successfully classified into 3,295 unique 
features. The reads were normalized to the minimum 
library size of 1,00,759 reads to mitigate biases towards 
varying sequencing depths with high average Good’s cov-
erage value (99.68%) across all samples.

The bacterial community composition varied between 
farming systems, with differences in the relative abun-
dance of specific taxa. The microbial composition at the 
genus level showing the top 25 genera is summarized in 
Fig. 1A, while a detailed sample-wise taxa distribution is 
presented in Supplementary Figure S10. Few genera such 
as Gp6, Priestia, and Gp4 exhibited a notable increase in 
NFS (NFS-T1 to NFS-T9) compared to CFS (Supplemen-
tary Figure S11). Specifically, Gp6 significantly increased 
in NFS from 2.98% (NFS-BS) to 7.60–8.30% in NFS treat-
ments, which are higher than CFS-AH (6.23%). Similarly, 
NFS treatments showed significantly higher proportions 
of Priestia (2.31–3.03%) and Gp4 (2.48–2.7%) compared 
to 1.78% and 2.07%, respectively in CFS-AH. In contrast, 
Domibacillus, Neobacillus, and Ammoniphillus were less 
abundant in NFS samples compared to CFS.

Alpha diversity analysis was conducted across 
soil treatments using four different diversity indices 
(Observed, Chao1, Shannon and Simpson) (Fig. 1 (B-E)). 
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Observed and Chao1 indices showed no significant dif-
ferences between CFS and NFS, whereas Shannon and 
Simpson indices representing richness and evenness, 
demonstrated a notable increase in NFS treatments com-
pared to NFS-BS. Moreover, in NFS treatments, dose-
dependent increase in bacterial diversity was observed 

with increasing application of Mulching and Ghanje-
evamrit. The highest diversity was recorded in NFS-T9 
(Shannon index: 5.09, Simpson index: 0.981), followed 
by NFS-T5 and NFS-T6. Beta diversity analysis based 
on Bray-Curtis dissimilarity was visualized using PCoA 
and NMDS plots (Fig.  1 (F-G)), showing differences in 

Fig. 1  Soil microbiome profiling through 16S rRNA amplicon metagenomics. A Relative abundance of the top 25 bacterial genera illustrating taxonomic 
composition. Alpha diversity metrics comparing soil treatments based on (B) Observed, (C) Chao1, (D) Shannon, and (E) Simpson indices. Beta diversity 
assessment through (F) Principal Coordinates Analysis (PCoA) and (G) Non-metric Multidimensional Scaling (NMDS) plots. CFS: Conventional Farming 
System; NFS: Natural Farming System; BS: Before Sowing; AH: At Harvest. NFS-T1 to T9 were considered under NFS-AH group. Distinct letters denote sta-
tistically significant differences among treatments, determined by one-way ANOVA followed by Tukey’s HSD post-hoc test (p < 0.05)
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bacterial community composition across soil treatments. 
The substantial variation in data explained by PCo1 
(53.0%) and PCo2 (11.8%) with clustering of distinct 
groups and the low NMDS stress value (0.06) further 
confirmed statistically significant differences in bacterial 
community composition.

LEfSe analysis illustrated a cladogram of bacterial taxa 
from the phylum to genus level, identifying significantly 
enriched taxa across different soil groups (Fig.  2A). A 
total of 91 discriminant features (adjusted p-value < 0.01 
and LDA score > 3.0) were identified (Supplementary 
Table S4). CFS-BS was enriched in phylum Actinomy-
cetota, with significant contributions from the orders 
Rubrobacterales, Solirubrobacterales, and Geoderma-
tophilales. CFS-AH enriched taxa include members from 
the order Micrococcales, specifically the genus Arthro-
bacter. NFS-BS was dominated by orders, Chloroflexota 
and Pseudomonadota, and NFS-AH (NFS-T1 to NFS-T9) 
showed an enrichment of Acidobacteriota and Plancto-
mycetota, particularly from Gemmataceae and Bradyrhi-
zobiaceae family. The LDA score plot further highlighted 
significantly enriched genera (Fig.  2B). Rubrobacter, 
Domibacillus, and Soliurobacter were more abundant in 
CFS-BS, while Arthrobacter and Parifilum were enriched 
in CFS-AH. Meanwhile, NFS-BS had higher levels of 
Priestia, Kallotenue, Nocardioides, and Brevibacillus, 
while NFS-AH exhibited strong enrichment of unclas-
sified acidobacteria (Gp6, Gp4, Gp5), Gemmata, and 
Acidibacter. The core microbiome analysis revealed dif-
ferences in microbial prevalence between CFS and NFS 
(Fig.  2C). Genera such as Sphingomonas, and Gemma-
timonas were specific to CFS, while Gp3 and Nitrospira 
were unique to NFS.

Redundancy analysis (RDA) demonstrated relation-
ships between soil microbial enzyme activities and the 
top 10 most abundant bacterial genera across differ-
ent soil treatments (Fig.  2D). The first two RDA axes 
accounted for 96.2% of the total variance. Enzymatic 
activities, including BGL, ALP, PR, and STS positively 
correlated with taxa such as Priestia, Gp6, and Gp4 in 
NFS treatments. Conversely, Rubroacter, Domibacillus, 
Ammoniphilus, and Neobacillus were negatively associ-
ated with these enzymes, particularly in CFS samples. 
Similarly, RDA plot explaining 90.5% of the total vari-
ance, depicted the relationships between soil chemical 
and nutrient parameters with top 10 bacterial genera in 
Fig.  2E. Nutrient (OC, N, P, S, and Fe) availability was 
higher in NFS, corresponding with an enrichment of 
Microvirga, Sphingomonas, and Priestia. In contrast, 
Domibacillus, Ammoniphilus, and Neobacillus were neg-
atively associated with these nutrients and were more 
prevalent in CFS samples.

Soil fungal community profiling based on ITS amplicon 
metagenomics
Amplicon metagenomics of the ITS region from 45 soil 
samples generated a total of 18,115,941 reads, of which 
14,821,082 (81.81%) were successfully classified into 
1,473 distinct features (Supplementary Table S5). To 
ensure consistency in sequencing depth, the data were 
normalized to a minimum library size of 91,345 reads per 
sample. Like bacterial composition, the composition of 
fungal communities varied significantly between farm-
ing systems. The relative abundance of the top 25 fungal 
genera is illustrated in Fig.  3A, while a comprehensive 
sample-wise taxa bar plot is presented in Supplementary 
Figure S12. The prevalence of dominant fungal genera 
exhibited notable differences across soil treatments. Gen-
era such as Humicola (5.28% (NFS-T5)-8.93% (NFS-T1)), 
Actinomortierella (3.42% (NFS-T1)-5.71% (NFS-T7)), and 
Amesia (5.73% (NFS-T9)-12.66% (NFS-T5)) were signifi-
cantly more abundant in NFS treatments, whereas their 
presence in CFS-AH was very less with 0.58%, 1.73%, 
and 1.35% abundance, respectively (Supplementary Fig-
ure S13). Additionally, Fusarium, Allocanariomyces, and 
Lennemannia were enriched in NFS treatments, while 
Alternaria was more prevalent in CFS-BS (2.53%) and 
CFS-AH (5.74%) but nearly absent in NFS treatments.

In alpha diversity analysis for ITS, Observed and Chao1 
indices did not reveal significant differences between 
farming systems (Fig.  3 (B-E)). However, the Shannon 
and Simpson indices indicated significantly higher fungal 
diversity in NFS-T9 compared to NFS-BS. Beta diversity 
analysis using Bray-Curtis dissimilarity was visualized 
through PCoA and NMDS plots (Fig. 3 (F-G)). The first 
two principal coordinates (PCo1: 42.1% and PCo2: 9.1%) 
together explained 51.2% of the variation, with a low 
NMDS stress value of 0.08, indicating a good fit. The dis-
tinct clustering of NFS samples in both PCoA and NMDS 
plots suggests a unique fungal community structure, 
clearly separated from that of CFS.

LEfSe analysis cladogram (Fig.  4A) identified signifi-
cantly enriched taxa from phylum to genus level and the 
LDA scores plot (Fig. 4B) at genus level enrichment was 
represented. A total of 45 taxa were significantly discrim-
inant (adjusted p < 0.01 and LDA score > 3.0) (Supple-
mentary Table S6). The CFS-BS group was enriched for 
genera such as Curvularia, Ectophoma, Coniocessia, and 
Bartalinia, while CFS-AH exhibited significant enrich-
ment of Exophiala, Cortinarius, and Didymocrea. In 
NFS, Alternaria, Filobasidium, and Plectosphaerella were 
enriched in NFS-BS, whereas Humicola, Actinomortier-
ella, Fusarium, Mortierella, Trichoderma, Coniochaeta, 
and Olpidium were significantly higher in NFS-AH. 
Core microbiome analysis revealed distinct fungal gen-
era prevalent in both farming systems (Fig. 4C). In CFS, 
the dominant genera included Alternaria, Cyclothyriella, 
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Fig. 2  Discriminant bacterial taxa and their associations with soil health properties. LEfSe analysis across soil groups: (A) Cladogram illustrating taxonomic 
hierarchy from phylum to genus, and (B) Bar chart depicting significantly enriched bacterial genera (LDA score > 3.0, p < 0.01). C Core microbiome com-
parison between CFS and NFS, based on taxa present in ≥ 50% of samples and with > 1% relative abundance. Redundancy analysis (RDA) plots showing 
associations between bacterial community composition and (D) soil microbial enzyme activities, and (E) soil chemical and nutrient parameters across 
treatments. CFS: Conventional Farming System; NFS: Natural Farming System; BS: Before Sowing; AH: At Harvest. NFS-T1 to T9 were considered under 
NFS-AH group
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Rhexothecium, Talaromyces, Curvularia, Neurospora, 
Stachybotrys, and Cortinarius. Conversely, NFS samples 
were characterized by dominance of Actinomortier-
ella, Amesia, Cephaliophora, Chaetomium, Corynascus, 
Humicola, Linnemannia, Mortierella, Paracremonium, 

Subramaniula, and Terramyces, all of which exhibited 
high (> 50%) sample prevalence.

The relationships between soil enzyme activities and 
fungal communities were examined using RDA analysis 
(Fig. 4D). The first two RDA axes accounted for 78.1% of 
the total variance. Genera like Amesia, Actinomortierella, 

Fig. 3  Soil microbiome profiling analyzed by ITS amplicon metagenomics. A Relative abundance of the top 25 fungal genera illustrating taxonomic 
composition. Alpha diversity metrics comparing soil treatments based on (B) Observed, (C) Chao1, (D) Shannon, and (E) Simpson indices. Beta diversity 
assessment visualized through (F) Principal Coordinates Analysis (PCoA) and (G) Non-metric Multidimensional Scaling (NMDS) plots. CFS: Conventional 
Farming System; NFS: Natural Farming System; BS: Before Sowing; AH: At Harvest. NFS-T1 to T9 were considered under NFS-AH group. Distinct letters 
denote statistically significant differences among treatments, determined by one-way ANOVA followed by Tukey’s HSD post-hoc test (p < 0.05)
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Fig. 4  Discriminant fungal taxa and their associations with soil health properties. LEfSe analysis across soil groups: (A) Cladogram illustrating taxonomic 
hierarchy from phylum to genus, and (B) Bar chart depicting significantly enriched fungal genera (LDA score > 3.0, p < 0.01). C Core microbiome com-
parison between CFS and NFS, based on taxa present in ≥ 50% of samples and with > 1% relative abundance. Redundancy analysis (RDA) plots showing 
associations between fungal community composition and (D) soil microbial enzyme activities, and (E) soil chemical and nutrient parameters across 
treatments. CFS: Conventional Farming System; NFS: Natural Farming System; BS: Before Sowing; AH: At Harvest. NFS-T1 to T9 were considered under 
NFS-AH group
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Humicola, and Cephaliophora were positively associ-
ated with enzyme activities (BGL, STS, ALP, and PR) 
in NFS treatments, whereas Aspergillus, Talaromyces, 
and Acrophialophora were more strongly linked to CFS. 
Similarly, another RDA plot (Fig. 4E) highlighted associa-
tion between soil nutrient parameters and fungal genera 
with 73.9% of the total variance. Soil nutrients, includ-
ing available OC, N, P, S, and Fe, were positively corre-
lated with NFS treatments and associated with Humicola, 
Cephaliophora, and Amesia, indicating their key roles in 
nutrient cycling and soil health. In contrast, Aspergillus, 
Talaromyces, and Acrophialophora were more prevalent 
in CFS and negatively correlated with key nutrients such 
as N, S, Fe, and OC.

Bacterial and fungal community profiling of natural 
farming inputs
Three NF input samples (Beejamrit, Ghanjeevamrit, and 
Jeevamrit), used as treatment components in NF, were 
analyzed for their microbial composition through 16S 
rRNA amplicon metagenomics. A total of 2,296,969 reads 
were generated, of which 1,767,690 reads (76.96%) were 
classified (Supplementary Table S7), identifying 2,519 
unique features. The sequencing data were normalized to 
a minimum library size of 1,04,734 reads. The bacterial 
community composition of NF inputs revealed distinct 
profiles, highlighting the top 25 genera (Fig.  5A) with 
detailed sample-wise taxa bar plot given in Supplemen-
tary Figure S14. Beejamrit was predominantly enriched 
with Arcobacter, Advenella, Anaerocella, Falsiporphy-
romonas, and Mediterranea. Ghanjeevamrit displayed 
a higher abundance of Povalibacter, followed by Planifi-
lum, Gelatiniphilus, and Galbibacter. Jeevamrit primar-
ily consisted of Arcobacter, Anaerocella, Commamonas, 
and Schlesneria. Alpha diversity analysis revealed signifi-
cant differences in bacterial diversity of NF inputs (Fig. 5 
(B-E)). Ghanjeevamrit exhibited the highest microbial 
diversity and evenness followed by Jeevamrit and Bee-
jamrit across all indices. The PCoA plot based on the 
Bray-Curtis dissimilarity depicted distinct clustering of 
the three NF inputs (Fig. 5F). PCo1 and PCo2 explained 
70.3% and 28.5% of the total variation, respectively, con-
firming clear separation among the three NF inputs.

Amplicon metagenomic sequencing targeting the 
ITS region to evaluate fungal community composition 
of NF inputs generated 1,335,346 total reads, of which 
1,082,280 reads (81.05%) were classified (Supplementary 
Table S8) and resulted in the identification of 572 distinct 
features. The sequencing depth was normalized to mini-
mum library size of 51,143 reads. The fungal community 
composition differed significantly among NF inputs, as 
illustrated in the top 25 genera taxa bar plot (Fig.  5G), 
with a detailed sample-wise taxa bar plot is given in 
Supplementary Figure S15. Beejamrit was dominated by 

Aspergillus and Talaromyces. Ghanjeevamrit primarily 
contained Aspergillus and Myriococcum, which collec-
tively accounted for a ~ 80% of its fungal composition. In 
contrast, Jeevamrit exhibited a more diverse fungal com-
munity with multiple genera contributing to its structure. 
Alpha diversity indices revealed significant differences 
in fungal diversity among NF inputs (Fig.  5 (H-K)). Jee-
vamrit exhibited the highest fungal diversity across all 
indices, making it the most diverse input, followed by 
Ghanjeevamrit and Beejamrit. The PCoA plot based on 
the Bray-Curtis dissimilarity showed a distinct clustering 
of three NF inputs (Fig. 5L) with two major PCos explain-
ing 96.9% variations.

Microbial co-occurrence network analysis of NF soils and 
NF inputs
Out of three NF inputs, Jeevamrit and Ghanjeevam-
rit were used in the direct field application during the 
experiment. Cosidering it, Venn diagram (Fig. 6A) of NF 
inputs (Jeevamrit and Ghanjeevamrit) and NF soils with 
> 0.1% relative abundance was generated to find out the 
common microbes which might be contributed from 
NF input to soil. Ghanjeevamrit and Jeevamrit exhib-
ited 27 and 2 common bacterial genera with NF soil 
samples, respectively and 5 genera were common in all 
three groups. Similarly, Fig.  6B showed the shared and 
unique fungal genera between NF soils and inputs. NF 
soils shared the 11 and 8 fungal genera with Jeevamrit 
and Ghanjeevamrit, respectively and 9 genera with both 
NF inputs. The co-occurrence network analysis revealed 
microbial interactions between NF soils and NF inputs 
for bacterial (Fig.  6C) as well as fungal communities 
(Fig. 6D).

Bacterial communities showed 54.35% of positive 
and 45.65% of negative correlations, with only 2.99% of 
nodes represent common genera between NF soils and 
NF inputs. However, in fungal co-occurrence network, 
16.25% of nodes are shared between NF soils and NF 
inputs, which is higher than bacterial and fungal com-
munities exhibited 56.1% of negative and 43.9% positive 
correlations, suggesting competitive interactions among 
fungal taxa.

Discussion
Adoption of natural farming holds significant promise 
for advancing sustainable agriculture, offering demon-
strable benefits in crop productivity, nutrient use effi-
ciency, soil health, and economic viability [3, 4]. Recent 
studies indicate that NF practices employing inputs such 
as Jeevamrit, Ghanjeevamrit, and crop residues mulching 
can sustain or even enhance yields by 15–20% compared 
to CF. NF practices can simultaneously improves nutri-
ent cycling and fertilizer-use efficiency through enriched 
soil microbial activity and nutrient availability [3, 5]. NF 
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Fig. 5  Microbial profiling of natural farming inputs using 16S rRNA and ITS amplicon metagenomics. A Relative abundance of the top 25 bacterial genera 
identified in NF inputs. Bacterial alpha diversity metrics: (B) Observed, (C) Chao1, (D) Shannon, and (E) Simpson. F Principal Coordinates Analysis (PCoA) 
illustrating bacterial beta diversity and community structure among NF inputs. G Relative abundance of the top 25 fungal genera detected in NF inputs. 
Fungal alpha diversity metrics: (H) Observed, (I) Chao1, (J) Shannon, and (K) Simpson. L PCoA plot depicting fungal beta diversity and community dif-
ferentiation among NF inputs. Different letters indicate statistically significant differences between inputs, as determined by one-way ANOVA followed 
by Tukey’s HSD post-hoc test (p < 0.05)
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Fig. 6  Microbial community overlap and co-occurrence network analysis of NF soils and NF inputs in turmeric fields. A Venn diagram showing common 
bacterial genera among NF soils and NF inputs. B Venn diagram showing common fungal genera among NF soils and NF inputs. Comparative network 
analysis of microbial co-occurrence in NF inputs and NF soils for (C) Bacterial communities and (D) Fungal communities. Each node represents the genus. 
The size of node is proportional to the relative abundance of each genus and color of node represents shared and unique genera. Edges represent the 
positive and negative correlation between nodes
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functions as an integrative approach that harmonizes 
soil chemistry, nutrient dynamics, and microbial ecology 
to achieve both agroecological resilience and long-term 
economic sustainability [38]. The effect of NF practices 
in turmeric cultivation was evaluated in the present 
study by analyzing various parameters of soil and plant 
samples.

Soil physicochemical properties, nutrients, and enzyme 
activities
Analysis of soil chemical and nutrient parameters 
revealed that NFS significantly enhanced OC, N, P, and 
Fe levels compared to CFS. These results emphasize the 
positive influence of natural farming on improving soil 
nutrient status and organic matter content, thereby sup-
porting sustainable agriculture. Previous studies similarly 
reported improvement in soil nutrient status following 
three years of NF input application [3]. Although another 
study found no significant differences between NF and CF 
treatments for most of the soil nutrients [39]. Increased 
availability of soil nutrients might be due to increased 
microbial enzyme activities that improved plant growth 
parameters [38]. It was suggested that turmeric is highly 
susceptible to potassium deficiency and requires a large 
amount of available soil K, which critically improves the 
size, weight, and color of rhizome [40]. Interestingly, at 
the time of harvesting, K levels were higher under CFS 
compared to NFS which indicated more uptake of K in 
crops grown under NFS. This indicated better availability 
of K under NF practices. Moreover, it was also reported 
that NF increased OC and N through microbial activities 
and resulted in increased plant yield [38, 40].

Employing microbial enzymatic activities as indica-
tors of soil quality is a practical approach for assess-
ing the effects of vegetation and management practices 
across different land use systems [41]. Elevated nitro-
gen and phosphorus availability in NFS treatments was 
associated with enhanced microbial enzymatic activi-
ties, particularly ALP and PR, which play crucial roles 
in phosphorus and nitrogen cycling, respectively. Activi-
ties of BGL, STS, DHA, and URE remained comparable 
between NFS treatments and CFS-AH. ALP is critical 
for P release from organic matter and is typically boosted 
by soil health promoting practices such as crop rotation, 
use of organic amendments, green manures, crop residue 
management, and application of bio-stimulants contain-
ing beneficial microbes [42]. Enhanced PR activity in NF 
soils suggests improved protein breakdown and nitrogen 
transformation processes compared to CF soils [43, 44]. 
The application of NF inputs, rich in microbial popula-
tions such as N-fixers, P-solubilizers, actinomycetes, and 
fungi, contributed to higher enzymatic activity, greater 
nutrient mobilization, and secretion of plant growth-
promoting substances [45]. The applications of NF inputs 

in the soil might have increased the beneficial micro-
bial activity such as enzyme activity for increased avail-
able nutrients in the soil and uptake of such nutrients to 
plants.

Plant nutrient profiles and yield attributes
Plants nutrient analysis revealed significantly higher con-
centrations of total N, P, and Fe in certain NFS treatments 
compared to CFS, while other nutrients remained rela-
tively comparable. Increased plant height observed with 
higher dosages of Ghanjeevamrit and mulching treat-
ments indicated that improved microbial activity and NF 
input application may enhance plant vigor. In the present 
study, certain NFS treatments (NFS-T5 showed highest 
followed by NFS-T9) resulted in significantly higher fresh 
rhizome yield compared to CFS, supporting the potential 
of natural farming as a sustainable alternative without 
compromising productivity. In one of the previous stud-
ies, turmeric rhizome yield could increase approximately 
three-fold under organic farming practices, with profit-
ability improving by three- to four-fold [46]. A study with 
long-term organic nutrient management reported 48% 
and 62% increase in yield and net returns, respectively 
[47]. The higher rhizome yield correlates with greater 
microbial diversity, suggesting a positive relationship 
between microbial diversity and crop productivity. This 
might be due to increased available nutrients (i.e. OC, 
N, P, etc.) in the soil due to increased microbial enzyme 
activities and/or increased uplake of nutrients like K into 
plants. Nonetheless, yield outcomes may vary depend-
ing on factors such as climate, preparation and compo-
sition of NF inputs, crop variety, and other agronomic 
practices.

These findings underscore the economic viability of NF 
approaches, particularly those that combine wheat straw 
mulching with Ghanjeevamrit and Jeevamrit applica-
tions. Such practices not only improve soil fertility and 
biological activity but also maximize input-use efficiency 
and profitability, making NF a robust and sustainable 
alternative to conventional methods in turmeric produc-
tion. The higher BCR under the “farmer owns a cow” and 
“farmer doesn’t own a cow” scenarios were recorded for 
NFS treatments, showing their economical superiority 
over CFS.

Soil bacterial community profiling based on 16S rRNA 
amplicon metagenomics
Alpha diversity analysis showed that farming practices 
significantly influenced soil microbial richness and even-
ness. Shannon and Simpson indices indicated signifi-
cantly higher diversity in NFS treatments (NFS-T1 to 
NFS-T9) than NFS-BS, suggesting that natural farming 
fosters a more stable and diverse soil microbial ecosys-
tem. Similar trends have been reported, where both NF 
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and CF practices enhance microbial richness by improv-
ing nutrient availability and organic matter turnover 
[48]. Increased bacterial populations in NF and organic 
farming relative to CF were also reported, particularly 
for nitrogen-fixers and phosphate-solubilizing microbes 
[49]. However, some studies noted no significant differ-
ences in microbial richness between soils of NF and CF 
[38].

Core microbiome composition of bacteria was largely 
unaffected by farming practices, certain taxa displayed 
farming system-specific associations where, Gp3 and 
Nitrospira were characteristics of NFS, linked to crucial 
functions such as nitrogen fixation, plant growth promo-
tion, and stress tolerance [50–52]. LEfSe analysis identi-
fied differentially abundant taxa between systems. CFS 
were enriched with genera like Rubrobacter, Domibacil-
lus, Solirubrobacter, Geodermatophilus, and Arthrobac-
ter, which are often associated with resilience to chemical 
inputs. Specifically, Arthrobacter found in CFS-AH are 
known to survive and potentially degrade agricultural 
pollutants [53, 54]. The relative abundance of Solirubro-
bacter was found to be higher in the soil of CF than that 
in OF, possibly resistant to chemicals used in CF [55]. 
Conversely, NFS were characterized by higher abundance 
of Priestia, Kallotenue, Unclassified Acidobacteria (Gp6, 
Gp5, and Gp4), Gemmata, Acidibacter, Rhodoplanes, 
Povalibacter, and Methyloceanibacter. These taxa con-
tribute significantly to soil health through roles such as 
organic matter decomposition, nutrient cycling, plant 
growth promotion and have ability to control soil-borne 
pathogens [56–59]. Overall, taxa enriched under NFS 
reflects a biologically active and sustainable system, 
emphasizing the role of NF practices in fostering a resil-
ient soil microbiome.

Soil fungal community profiling based on ITS amplicon 
metagenomics
The alpha diversity analysis of fungal communities of 
NFS and CFS showed no significant overall differences. 
However, NFS-T9 showed greater diversity in the Simp-
son index compared to CFS, likely due to high mulch and 
Ghanjeevamrit application. Increased fungal population 
and higher saprotrophic fungal diversity in NF soils com-
pared to CF was reported [49].

LEfSe analysis revealed enrichment of Humicola, 
Fusarium, Mortierella, Actinomortierella, Trichoderma, 
Coniochaeta and Olpidium in NFS-AH. Core micro-
biome showed fungal genera like Humicola, Amesia, 
Corynascus, Chaetomium, Actinomortierella, Terramy-
ces, Cephaliophora, Mortierella, Linnemannia, Paracre-
monium, and Subramaniula were specific to NFS, 
possibly due to favorable soil conditions. Humicola, an 
endophytic fungus, aids in phosphate solubilization, plant 
growth and soil fertility [60]. Along with Humicola, other 

saprophytic fungi such as Amesia, Mortierella, Actino-
mortierella, Corynascus and Chaetomium are inhabitant 
of soils rich in organic matter and involved in cellulose 
degradation and production of bioactive metabolites 
[61–65]. Trichoderma species are widely recognized for 
their biocontrol potential against soil-borne pathogens 
and their ability to stimulate plant growth by producing 
enzymes and secondary metabolites [66]. Mortierella 
species contribute to nutrient cycling, organic matter 
decomposition, and phosphate solubilization, support-
ing overall soil fertility [67]. Wheat straw mulching and 
Ghanjeevamrit application, likely promoted the prolifera-
tion of these beneficial fungi, enhancing soil organic car-
bon. Mulching practices are known to reshape microbial 
communities, encourage saprophytic growth, conserve 
water, and improve yields in turmeric cultivation [68]. 
Importantly, Alternaria a widely known fungal pathogen 
has been decreased significantly in NFS treatments from 
NFS-BS, whereas it was increased in CFS-AH from CFS-
BS. Chaetomium, enriched in NFS, is a known biocontrol 
agent against pathogens like Alternaria and Curvularia 
[69, 70]. Talaromyces efficiently mineralized organic 
phosphate in the soil and showed plant growth-promot-
ing activities [71, 72].

In contrast, CFS showed enrichment of fungal gen-
era such as Curvularia, Ectophoma, Coniocessia, Exo-
phiala, Cortinarius, and Didymocrea (as shown in LEfSe 
analysis) and core microbiome identified Alternaria, 
Stachybotrys, Cyclothyriella, Curvularia, Neurospora, 
Rhexothecium, Talaromyces, and Cortinarius were spe-
cific to CFS. Pathogenic fungi like Alternaria, Stachy-
botrys and Curvularia were previously reported to be 
enriched in CF over OF [73, 74]. Notably, Curvularia is 
associated with major crop diseases [75], while Neuros-
pora species can degrade pesticides and herbicides [76, 
77], suggesting that CFS associated fungi might adapt to 
chemical environments and some are pathogenic.

It was hypothesized that the use of wheat straw 
mulch, combined with NF inputs like Ghanjeevam-
rit and Jeevamrit, boosted the abundance of microbes 
crucial for nutrient cycling, plant growth promotion, 
and saprophytic activity in NFS. These saprophytic 
fungi likely decomposed the mulch and organic amend-
ments, enriching soil nutrients (e.g. OC, N, P, and K) and 
enhancing overall soil health [78]. This microbial-driven 
nutrient enhancement may have supported robust plant 
growth and yields in NFS, comparable to CFS, highlight-
ing a promising aspect of sustainable farming. The results 
of previous study showed that soil organic matter, avail-
able N and P amounts, and soil enzyme activities were 
increased under organic mulch, mainly at a depth of 0 to 
20 cm [79] and showed an increase in rhizome yield [80], 
which is consistent with the present findings.
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Bacterial and fungal community profiling of natural 
farming inputs
The application of Jeevamrit to soil is recognized as a 
potent strategy for enhancing soil fertility, improving soil 
physicochemical properties, modifying the soil micro-
bial community structure, and promoting plant growth 
[3]. Combined use of liquid manures such as Jeevamrit 
and Panchagavya via foliar sprays, soil drenches, and 
offers versatile approaches for promoting plant develop-
ment and soil health while minimizing environmental 
impact [81]. Similarly, combinational treatments involv-
ing Ghanjeevamrit, Jeevamrit, and mulching have been 
shown to significantly improve soil fertility, microbial 
diversity, DHA activity, and nutrient availability com-
pared to conventional farming [5].

16S rRNA and ITS amplicon metagenomics of NF 
inputs (Beejamrit, Jeevamrit, and Ghanjeevamrit), 
revealed distinct bacterial and fungal community pro-
files, respectively. Among bacteria Arcobacter, Anaero-
cella, Commamonas, and Schlesneria were enriched in 
Jeevamrit, while Povalibacter, Planifilum, and Gelati-
niphilus were more abundant in Ghanjeevamrit. The 
higher prevalence of functionally diverse bacteria such 
as Arcobacter, Advenella, Anaerocella, and Falsiporphy-
romonas observed in Beejamrit. Advenella is associated 
with crop protection and plant growth under saline stress 
[82], while Anaerocella, isolated from rice straw residues, 
supports decomposition and nutrient cycling in anaero-
bic environments [83]. Povalibacter and Commamonas 
shows plant growth promoting activities [84, 85]. Schle-
sneria and Planifilum is linked to plant growth promo-
tion, nutrient availability, and biocontrol activity [86, 87].

Fungal profiles among NF inputs also showed distinct 
compositions. Dominant genera included Aspergillus, 
Myriococcum, Talaromyces, Scytinostroma, and Tomen-
tella, known for their roles to enhance soil quality and 
plant growth. Aspergillus are multifaceted fungi that ben-
efits the plant in many ways, supports phosphate uptake, 
produces growth-promoting hormones, purifies soils, 
and induces systemic resistance [88]. Myriococcum and 
Talaromyces promote plant growth, inhibit pathogens 
and increase stress tolerance [89, 90]. These variations 
highlight complementary roles of NF inputs in shaping 
fungal-mediated soil processes favoring soil health and 
plant growth.

Microbial co-occurrence network analysis of NF soils and 
NF inputs
The microbial co-occurrence network analysis of NF 
soils and NF inputs (Jeevamrit and Ghanjeevamrit) offers 
valuable insights into the integration potential and eco-
logical dynamics of microbes introduced through these 
natural amendments. NF inputs harbor diverse micro-
bial taxa, only a limited fraction is shared with native NF 

soils microbial communities. These results imply that 
although Jeevamrit and Ghanjeevamrit are microbiologi-
cally rich, their microbial overlap with native soil micro-
biota is modest. This may be due to niche specialization, 
environmental selection, or competition that restricts the 
successful establishment of microbes in the soil ecosys-
tem [91, 92]. Only ~ 3% of the nodes represented genera 
common to both NF inputs and NF soils, underscoring 
the limited incorporation of NF-derived bacteria into the 
native NF soils microbial network. In contrast, the fungal 
network exhibited a greater proportion of shared genera 
(16.25%) and a predominance of negative correlations 
(56.1%), indicating stronger competitive or antagonistic 
relationships among fungal taxa [93]. These findings are 
consistent with previous studies indicating that microbial 
inoculants often face significant ecological resistance in 
native soil microbiomes due to established microbial net-
works and competitive dynamics [94, 95]. The findings 
suggest that the primary impact of NF inputs may lie in 
their transient functional contributions, such as nutrient 
cycling and plant growth promotion rather than estab-
lishing a stable presence within the native microbiome. 
Overall, the network analysis suggests that NF inputs 
are associated with changes in soil microbial diversity, 
and their integration into existing microbial communi-
ties appears to be selective and influenced by ecological 
interactions.

This study presents a comprehensive evaluation of 
natural vs. conventional farming systems in turmeric 
cultivation by integrating microbial (16S rRNA and ITS) 
profiling with soil nutrient dynamics, enzyme activities, 
and yield attributes. The findings demonstrate that NFS 
treatments particularly with ≥ 5 t/ha mulching and 4 t/
ha Ghanjeevamrit, enhance soil fertility, microbial activ-
ity, and crop productivity while reducing reliance on 
synthetic inputs. The enrichment of beneficial bacterial 
(e.g., Priestia, Acidobacteria, Nitrospira) and fungal (e.g., 
Humicola, Mortierella, Trichoderma, Chaetomium) taxa 
under NF indicates the formation of a biologically active 
and functionally diverse soil ecosystem that supports 
nutrient cycling, organic matter decomposition, and ben-
eficial microflora. Distinct microbial signatures in NF 
inputs further highlight their complementary role in sus-
taining soil biological functions.

Conclusion
This study demonstrated that natural farming practices 
significantly enhanced soil health, microbial diversity, 
enzyme activity (ALP and PR), and turmeric yield com-
pared to conventional farming. Compared to CFS, NFS 
treatments showed higher soil available P and K, likely 
enhancing plant uptake increasing plant vigor and rhi-
zome yield. NFS treatments with ≥ 5 t/ha mulching and 4 
t/ha Ghanjeevamrit (i.e. NFS-T6 and NFS-T9) exhibited 
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overall better performance in terms of soil quality, micro-
bial activity, and yield outcomes. NFS also recorded 
higher net returns with superior (up to 2.68-fold) benefit-
cost ratio than CFS. NF inputs enriched beneficial micro-
bial communities crucial for nutrient cycling and plant 
growth. These findings highlight NF’s potential for sus-
tainable turmeric cultivation. Furthermore, the observed 
variability among treatments highlights the heterogeneity 
within NFS systems and emphasizes the need for stan-
dardized practices to optimize microbial benefits. How-
ever, further multi-location, multi-season studies using 
the best-performing treatments are essential to confirm 
long-term benefits and optimize practices for broader 
agricultural applications.
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