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Introduction: Conservation agriculture (CA) is emerging as an eco-friendly and 
sustainable approach to food production in South Asia. CA, characterized by 
reduced tillage, soil surface cover through retaining crop residue or raising cover 
crops, and crop diversification, enhances crop production and soil fertility. Fungal 
communities in the soil play a crucial role in nutrient recycling, crop growth, and 
agro-ecosystem stability, particularly in agricultural crop fields.

Methods: This study investigates the impact of seven combinations of tillage and 
crop residue management practices of agricultural production systems, including 
various tillage and crop residue management practices, on soil fungal diversity. 
Using the Illumina MiSeq platform, fungal diversity associated with soil was analysed.

Results and discussion: The results show that the partial CA-based (pCA) production 
systems had the highest number of unique operational taxonomic units (OTUs) 
(948 OTUs) while the conventional production system had the lowest number (665 
OTUs). The major fungal phyla identified in the topsoil (0–15 cm) were Ascomycota, 
Basidiomycota, and Mortierellomycota, with their abundance varying across different 
tillage-cum-crop establishment (TCE) methods. Phylum Ascomycota was dominant 
in CA-based management treatments (94.9±0.62), followed by the partial CA 
(pCA)-based treatments (91.0 ± 0.37). Therefore, CA-based production systems 
play a crucial role in shaping soil fungal diversity, highlighting their significance 
for sustainable agricultural production.
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Introduction

Ensuring sustainable food production and meeting the growing 
demand for food underscores the essential role of soil health in 
agricultural success (Mondal et al., 2020). Soil adaptability is a critical 
component of sustainable agricultural production systems. However, 
plethora of soil tests and recommendations for best management 
practices can present challenges in the selection and interpretation, often 
failing to address specific needs. Soil parameters such as temperature, 
aeration, water content, and the interactions among the biotic and abiotic 
components play a crucial role (Kladivko, 2001). Specific soil 
management strategies within agroecosystems, such as reduced tillage, 
no-tillage, minimum tillage crop rotations, intercropping, and soil 
protection through mulching or retaining crop residue, can significantly 
enhance soil fertility and agricultural crop yields (Scopel et al., 2013). CA, 
which integrates these practices, is recognized as a cost-effective, 
sustainable, and environment-friendly alternative to the conventional 
production system (Hobbs et al., 2008). Implementing an effective soil 
conservation method, including maintaining the soil structure, 
minimizing the tillage, optimizing fertilizer use, conserving crop 
biomass, and diversifying crop yields, is crucial for sustainable agriculture 
(Mondal et al., 2021; Kumar et al., 2021).

The impact of climate change, increased tillage intensity, and 
greater agricultural demands will exacerbate soil degradation in the 
future (Mishra et al., 2022). Conventional agricultural practices such 
as excessive tillage, inadequate crop residue management, overreliance 
on chemical fertilizers, and insufficient crop rotations contribute 
significantly to soil degradation (Samal et al., 2017). Soil microbial 
populations are profoundly affected by alterations in these parameters, 
as the physico-chemical properties of the soil are modified during the 
conventional tillage processes, consequently impacting soil microbial 
diversity (Xin et al., 2018; Choudhary et al., 2020; Sun et al., 2018).

Microbes are integral components of soil biology, and the 
microbial communities in soil, particularly those in the rhizosphere, 
play a vital role in plant development. They enhance soil fertility, 
promote mineral solubility for better nutrient availability, and aid in 
plant adaptation to various biotic and abiotic factors (Khoshru et al., 
2020; Mitra et al., 2021). The rhizosphere is inhabited by numerous 
microbial communities, both beneficial and detrimental to plant 
development (Panneerselvam et al., 2021; Mitra et al., 2022). Beneficial 
microorganisms enable plants to tolerate environmental changes, 
thereby increasing plant fitness in adverse conditions (Hassani et al., 
2018; Lyu et al., 2021).

Fungi, a significant group of microorganisms found in the 
rhizosphere, play essential roles as biocontrol agents, biostimulants, 
and decomposers (Sagarika et al., 2022). After bacteria, fungi are the 
most abundant microorganisms on earth and in the soil (Purvis and 
Hector, 2000). Acquiring insight into the influence of various 
agricultural management strategies on fungal composition is crucial 
for enhancing soil resilience to environmental variations and 
promoting agricultural sustainability in specific geographic areas 
(Yazdani et  al., 2009). Understanding the relationship between 
agriculture practices, types of fungi, populations of earthworms, and 
characteristics of soil offers helpful insight to improve agricultural 
management techniques to enhance food security and environmental 
sustainability in the Eastern Indo-Gangetic plains (Kumar et al., 2023).

Various global research projects have prioritized examining the 
impact of tillage, crop establishment, and crop residue on the taxonomic 
diversity of bacteria. However, they frequently neglected to investigate 

the structure and abundance of the soil fungal communities (Wang 
et al., 2017; Xia et al., 2019; Sun et al., 2018; Kumar et al., 2023). While 
previous research has primarily investigated the soil bacterial 
community structure in the context of conservation agricultural-based 
management practices, there has been a limited focus on fungal 
diversity and abundance within these practices. Therefore, exploring soil 
fungal communities is crucial for sustainability of agricultural 
production systems. Analysing the diversity of fungal communities in 
agricultural soil through culture-dependent methods is challenging. 
Hence, metagenomic approaches are necessary to understand the 
diversity and composition of fungi in agroecosystems. In this study, 
we investigated the important soil fungal communities present in the 
Eastern-Indo-Gangetic Plains (EIGP) and assessed the effects of 
different conservation agricultural-based management practices on the 
soil characteristics, earthworm abundance, and fungal community 
structure. We hypothesize that the implementation of the conservation 
agriculture-based production systems will alter the soil fungal diversity 
and abundance in rice-wheat-greengram cropping system in eastern 
Indo-Gangetic plains of India.

Materials and methods

Site description and experimental design

A long-term experiment was initiated in 2015 at the research farm 
of ICAR-Research Complex for Eastern Region, Patna, Bihar, India 
(25°24.912’ N and 85°03.536′ E). The experiments were conducted 
using a randomized block design, with three replications of seven 
treatments (T) or “scenarios” (Sc). The treatments included 
conventional or farmers’ practices and conservation agriculture based 
various tillage-cum-crop establishment (TCE) strategies for the rice-
wheat-greengram cropping system. The farmers’ practices were 
characterized by the traditional/conventional tilling followed by 
puddling in rice, traditional/conventional tilling in wheat, and zero-
tilling in mung bean. The detailed descriptions of each treatment and 
TCE method are provided in the Supplementary Table S1. Average 
annual weather details are presented in Supplementary Figure S1 for 
the experiment location.

Soil sampling, soil parameters analysis, and 
earthworm count

Detailed methodologies for soil sampling and earthworm 
counting are described in Kumar et al. (2023). In brief, to create a 
typical composite sample, soils were taken from the top 0–15 cm of 
each plot at five randomly selected locations, and mixed. After seven 
years of experimentation, soil samples were collected under aseptic 
conditions after the wheat crop harvest in April 2022. A portion of 
composite sample was subjected to DNA extraction, while the 
remaining subsample underwent physico-chemical property analysis 
after being air-dried and sieved through a 2-mm screen. The pH and 
electrical conductivity (EC) were assessed for sample–water mixtures 
at a 1:2.5 ratio. Organic carbon (OC) content was measured using the 
dichromate oxidation method followed by titration with ferrous 
ammonium sulfate, as described by Walkley and Black (1934). The 
content of mineralisable nitrogen (N) was determined through the 
Kjeldahl method, with subsequent titration using diluted sulfuric acid, 
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based on the protocol by Subbiah and Asija (1956). Available 
phosphorus (P) was measured using the NaHCO3-ascorbic acid 
method, according to Watanabe and Olsen (1965), and available 
potassium (K) was determined with the ammonium acetate method 
using a flame photometer, as outlined by Hanway and Heidel (1952). 
Available micronutrient content was determined using the DTPA 
(Diethylenetriaminepentaacetic acid) extraction method as described 
by Lindsay and Norvell (1978). Earthworm populations were counted 
in the early morning hours using the standard methodology outlined 
by Fonte et al. (2009).

Genomic DNA extraction and amplicon 
sequencing

Genomic DNA was extracted from processed soil samples using 
the Alexgen Soil DNA Extraction Kit following the manufacturer’s 
protocol. Ultrapure water (without DNA from samples) was used to 
exclude the possibility of false-positive PCR results as a negative 
control. The quality of the extracted DNA was evaluated using 0.8% 
gel electrophoresis, while the DNA concentration was quantified using 
a Qubit 4.0 fluorometer (Supplementary Table S2). The internal 
transcribed spacer (ITS) region of the fungal communities was 
amplified using the primer pair ITS3-F: 5′ TCGTCGGCAGCGTC 
AGATGTGTATAAGAGACAGGCATCGATGAAGAACGCAGC 3′ 
and ITS4-R: 5′ GTCTCGTGGGCTCGGAGATGTGTATAA 
GAGACAGTCCTCCGCTTATTGATATGC 3′ (White et al., 1990). 
The PCR protocol included an initial denaturation phase at 95°C for 
10 min, followed by 30 cycles of denaturation at 95°C for 60 s, 
annealing at 56°C for 60 s, and extension at 72°C for 90 s. A final 
extension phase was conducted at a temperature of 72°C for 10 min. 
The PCR products were purified using Ampure XP beads 
(Agencourt Bioscience, Beverly, MA, United States) and quantified 
using a qPCR quantification kit for the Illumina sequencing 
platform. Dual index adapters were attached using the Nextera 
indices kit (Illumina, San Diego, CA, United States). Amplicons 
were assessed for integrity using an Agilent tape station and 
quantified using a Qubit Fluorometer 4.0 with the Qubit 1xdsDNA 
HS assay kit (Invitrogen technologies). Paired-end sequencing was 
performed using 2 × 300 bp on the Illumina Miseq platform 
(Illumina, San Diego, CA, United States), with three replicates per 
treatment and a total of 21 samples sequenced.

Microbiome data analyses

Raw data sequences underwent quality control, including removal 
of low-quality bases and adapters, using TrimGalore V0.4.0 (Krueger 
et al., 2021). Forward and reverse sequences were merged into single 
sequences using PEAR v. 0.9.6 (Zhang et  al., 2014). Processed and 
merged reads were then analyzed using the Quantitative Insights Into 
Microbial Ecology 2 (QIIME 2) pipeline v. 2020.8 (Bolyen et al., 2019). 
Sequence reads were quality filtered and denoised to obtain amplicon 
sequence variants (ASVs), with UNITE ITS reference (99% clustered 
ASVs from UNITE v. 8.0) used as a positive filter to characterize 
sequences as ITS (UNITE Community, 2019). Taxonomic classification 
of each ASV against ITS was performed using the feature-classifier-
classify-sklearn, a pre-fitted sklearn-based taxonomy classifier.

Soil quality index

The Soil Quality Index (SQI) was established by the application of 
non-linear techniques (Bastida et al., 2006). The minimum dataset 
(MDS) was established using principal component analysis (PCA), a 
multivariate statistical method, by utilizing parameters that showed 
significant differences (Andrews et al., 2002). The system attributes 
were deemed to be  most accurately represented by principal 
components (PCs) with eigenvalues ≥1 and higher factor loadings. 
Still, in this investigation, the eigenvalues of the first three principal 
components (PCs) exceeded 1, thus accounting for only 86% of the 
total variance. To account for over 90% of the variance, we selected 
PCs with eigenvalues greater than 0.9, which accounted for over 5% 
of the total variance in the calculation of the soil quality index. 
We selected highly weighted factors from each PC that had eigenvalues 
larger than 0.40 or absolute values within 10% of the highest factor 
loading. When multiple factors were retained from a single PC, 
we conducted a multivariate correlation analysis. Only factors with 
correlation coefficients less than 0.60 were included in the 
MDS. We utilised non-linear methods to designate scores to various 
parameters after selecting all the MDS soil quality indicators, as 
illustrated by the subsequent equation (Bastida et al., 2006). For all 
MDS indicators, we implemented a “more is better” approach, except 
for ECe, which was subjected to a “less is better” function.

 0
1

b
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x
x

=
   +       

(1)

The maximum value (which in our case is 1) that the function can 
attain is denoted by a in this equation. 0x  is the mean of all observations 
for that parameter across each treatment, x  represents the value of an 
individual observation for the corresponding parameter, and b 
represents the slope value (−2.5) of the equation (Bastida et al., 2006). 
The sum of the weighted scores of the MDS parameters for each 
observation was used to calculate the SQI using Equation 2.
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Where ‘W’ represents the weightage of the MDS variable obtained 
from PCA, and ‘S’ represents the score of that specific variable derived 
from Equation 1.

Statistical analyses

Downstream analysis was conducted using the online 
MicrobiomeAnalyst web platform1 and R tools 4.0.4. Data were 
filtered based on a minimum count of four per library before statistical 
analysis. The Bray–Curtis dissimilarity index was employed to 
calculate the Alpha diversity indices (Ace, Chao1, Shannon, and 

1 https://www.microbiomeanalyst.ca
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Simpson) (Dhariwal et al., 2017). Box plots for alpha diversity indices 
were generated using the vegan package in the R environment. The 
VennDiagram package in R was used to visualize the relationship 
between unique and common operational taxonomic units (OTUs) 
among different treatments (Chen and Boutros, 2011). The Bray–
Curtis dissimilarity index and principal coordinate analysis (PCoA) 
were employed to analyze fungal beta diversity among treatments. 
Analysis of variance (ANOVA) was performed to assess the impact of 
different treatments on fungal population diversity. Different fungal 
diversity indices were categorized using the Kruskal-Wallis H test in 
SPSS (version 22.0). Pearson’s correlation test and principal 
component analysis (PCA) were used to assess the impact of soil 
characteristics on fungal diversity, conducted using Microsoft Excel 
(XLStat 7.5, Addinsoft).

Results

Composition and diversity of fungal 
communities in different tillage-cum-crop 
establishment (TCE) methods

The ITS region amplicon was sequenced on the Illumina MiSeq 
platform for seven different treatments, each consisting of three replicates. 
The rarefaction curve analysis indicated that all samples reached 
saturation, indicating suitability for further analyses. At a similarity 
threshold of 97%, a total of 437 operational taxonomic units (OTUs) were 
shared between conservation and farmer-based agricultural management 
practices (Figure 1). The identified fungi were classified into four major 
phyla: Ascomycota, Basidiomycota, Mortierellomycota, Mucoromycota, 
and one unidentified phylum of fungi.

The Kruskal-Wallis H test was employed to evaluate the 
significance of differences in the alpha diversity of fungal communities 
among the various tillage-cum-crop establishment (TCE) methods 
(Figure  2). The species richness indices Ace and Chao1 were 
significantly highest in FP (T1) (239.427 and 242.637, respectively) 
and lowest in pCA (T5) (204.175 and 204.133, respectively). The 
diversity indices based on Shannon and Simpson were highest in T4 

(4.32 and 0.976) and the lowest in T6 (3.865 and 0.956), respectively. 
No significant differences were observed in the observed indices and 
Fisher diversity indices among different production scenarios. 
Therefore, the highest species richness was observed in T1, while the 
highest fungal diversity was observed under T4.

Beta diversity among the different treatments was assessed using 
Bray–Curtis dissimilarity index and visualized through principal 
coordinate analysis (PCoA) (Figure 3). The analysis revealed significant 
differences in fungal communities among different scenarios 
(R = 0.70909, p < 0.001). Beta diversity results indicated that the fungal 
communities of T1 and T2 (farmers’ practices) clustered and overlapped, 
indicating shared the fungal communities. In contrast, fungal 
communities of T3, T4, T5, T6, and T7 clustered separately and were 
distinct from each other. These results confirm that different scenarios 
harbour significantly different fungal communities.

At the phylum level, the most abundant fungal phyla observed 
were Ascomycota, Basidiomycota, Mortierellomycota, Mucoromycota, 
and an unidentified phylum group (Supplementary Figure S2). 
Among these, Ascomycota was the most abundant fungal phylum 
across all the scenarios. Specifically, the phylum Ascomycota was 
highest in T7 (94.88%) and the lowest in T5 (91.00%). In contrast, 
Basidiomycota showed the highest abundance in T5 (3.38%) and the 
lowest in T7 (0.68%). Both Mucoromycota and the unidentified fungi 
phylum were less abundant across all scenarios.

A bar diagram was employed to explain the significant differences 
in the relative abundance at the class level (Figure 4). The most abundant 
class observed was Sordariomycetes of the phylum Ascomycota across 
all scenarios, followed by Euriomycetes and Dothideomycetes, both 
belonging to the phylum Ascomycota. Sordariomycetes were the most 
abundant in T6 (78.23 ± 1.39%), followed by T7 (74.55 ± 1.71%). The 
abundance of Euriomycetes was highest in scenarios employing farmer 
practices and pCA-based production (25.96 ± 2.21% and 24.85 ± 2.87% 
in T2 and T3, respectively), and the lowest abundance was observed in 
CA-based treatments. Conversely, Dothideomycetes showed the highest 
abundance in CA-based production scenarios (12.70 ± 1.70% in T4) and 
the lowest in scenarios employing farmer practices (5.25 ± 0.24% in T2). 
No significant differences were observed in the abundance of classes 
Mortierellomycetes, Leotiomycetes, Kickxellomycetes, and other 
grouped classes.

The major orders identified were Sordariales, Hypocreales, 
Pleosporales, Coniochaetales, Eurotiales, Agaricales, Mortierellales, 
unidentified, and others (Figure 5). The most abundant fungus order 
observed was Sordariales across all scenarios, with the highest 
abundance found in T6 (53.33%) and the lowest in T5 (22.61%).

At the genus level, the unidentified fungi were highly abundant 
across all scenarios (T2: 19.30%, T3: 22.31%, T4: 26.45%, T5: 20.72%, 
T6: 38.85%, and T7: 28.49%), except in T1 (16.5%) (Figure 6). In T1, 
the most abundant genus was Acrophialophora (23.14%). Other major 
fungal genera identified included Fusarium, Aspergillus, Chaetomium, 
Westerdykella, Acremonium, Psathyrella, Curvularia, and Talaromyces.

Soil quality parameters and earthworm 
activity and its impact on fungal 
communities

A comparative assessment of soil quality parameters across various 
management scenarios indicated that agricultural practices have a 
significant impact on soil properties (Table 1). While differences in soil 

FIGURE 1

Unique and shared operational taxonomic units (OUTs) illustrated by 
Venn diagram across various conservation agriculture-based 
production systems.
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pH were not significant among the scenarios, the conservation agriculture 
(CA)-based production scenarios (T4 and T7) exhibited significantly 
higher electrical conductivity (EC) compared to other partial CA-based 

management practices and traditional/conventional farmer practices. The 
highest soil organic carbon (SOC) content (9.65 g kg−1) was observed in 
the CA-based production scenario (T4), outperforming others. Available 

FIGURE 2

Box plots represent different diversity indices (Ace (A), Chao1 (B), Shannon (C), Simpson (D), Observed (E) and Fisher (F)) among conservation 
agriculture-based production systems. Alphabets above box indicate significant differences among agricultural practices, (p  <  0.05). Colors denote the 
different treatments on experiment.

FIGURE 3

Beta diversity, as illustrated by principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity index, indicates significant differences in 
fungus composition among different treatments of conservation agriculture-based production systems (ANOSIM R  =  0.70909, p  <  0.001). T1-First 
treatment, T2-Second treatment, T3-Third treatment, T4-Fourth treatment, T5-Fifth treatment, T6-Sixth treatment, T7-Seventh treatment.
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FIGURE 4

Relative abundance of dominant fungus at the class level among different treatments of conservation agriculture-based production system. The 
significant difference is indicated by ‘*’.

FIGURE 5

The relative abundance of dominanting order among different treatments of conservation agriculture-based production systems. The standard errors 
of the mean are represented by whiskers.
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nitrogen (N) content was significantly greater in the CA-based 
management scenarios (T4 and T7) compared to traditional/conventional 
practices. Both CA and partial CA scenarios had significantly more 
available potassium (K) than traditional practices, with the highest 
available K content (182.2 kg ha−1) recorded in CA-based production 
scenario (T7). Micronutrients such as manganese (Mn), zinc (Zn), and 
copper (Cu) were higher in CA scenario (T7), with contents of 38.6, 10.9, 
and 9.9 mg kg−1, respectively than others.

The diversity of fungal community was influenced by the soil 
characteristics and earthworm populations, as revealed by principal 
component analysis (PCA) (Figure  7). Various soil characteristics, 
earthworm populations, and major fungal phyla were used to construct 
the PCA to assess the most important factors impacting fungal 
communities (Supplementary Table S3). Out of the total variance, 86.14% 
was accounted for by four principal components with eigenvalues greater 
than 0.9. PC1 and PC2 contributed 42.5 and 18.66% to the total variance, 
respectively, while PC3 and PC4 contributed 14.87 and 10.11%, 
respectively. In PC1, EC, SOC, N, P, K, Cu, Mucoromycota, Oomycota, 
and Kickxellomycota were highly loaded. Among the 21 variables 
analyzed, pH, N, P, K, Fe, Cu, Ascomycota, and Mortierellomycota were 
influenced by tillage-cum-crop establishment (TCE).

Pearson’s test was conducted to investigate the correlation between 
earthworm count, soil characteristics, and major fungal phyla to 
minimize redundancy in the PCA. pH showed a positive correlation 
with the phylum Aphelidiomycota (r = 0.63) (Table 2). EC exhibited a 
negative correlation with Mucoromycota (r = −0.62). No significant 
correlation was observed between Fe, Mn, Zn, and different fungal 
phyla. Soil organic carbon (SOC) was negatively correlated with the 
phylum Oomycota (r = −0.73). N was negatively correlated with the 

phyla Mucoromycota (r = −0.72) and Oomycota (r = −0.62), while it 
was positively correlated with the phylum Kickxellomycota (r = 0.77). 
P was negatively associated with the phylum Mucoromycota 
(r = −0.88) but positively associated with Kickxellomycota (r = 0.80). 
The K showed a negative correlation with Mucoromycota (r = −0.79) 
and Oomycota (r = −0.65), while it was positively correlated with 
Kickxellomycota (r = 0.79). The Cu exhibited a negative correlation 
with Mucoromycota (r = −0.79) and Oomycota (r = −0.64), but it was 
positively correlated with Kickxellomycota (r = 0.85). The Soil Quality 
Index (SQI) varied significantly across different treatments. The 
highest SQI value of 0.55 was observed in T7, which was significantly 
higher than in T1, T2, T3, and T6. However, it was similar to the SQI 
values of T4 and T5 (Figure 8).

Discussion

In this study, we investigated that the changes in fungal diversity 
structure following the implementation of long-term tillage-cum-
establishment methods in Eastern Indo-Gangetic Plains (EIGP) alluvial 
soils within a sub-tropical humid environment in the eastern region. 
Although extensive research exists on bacterial diversity in soil habitats, 
there is limited knowledge on fungal communities in agricultural soil 
(Anderson et al., 2003; Buée et al., 2009; Curlevski et al., 2010; Fierer 
et al., 2007; Lynch and Thorn, 2006; Stromberger, 2005; Kumar et al., 
2023). Agricultural management practices, SOC, and enzyme activity 
alter microbial diversity in the soil (Govaerts et al., 2007). Comparatively 
high fungal diversity was observed under conservation agricultural 
(CA)-based management practices, possibly due to the continuous 

FIGURE 6

Relative abundance of dominating genus among different treatments of conservation agriculture-based production system. The standard errors of 
mean (SEm) are represented by whiskers.
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presence of crop residues and reduced soil-surface disturbance 
(Choudhary et al., 2018). Zero tillage with residue cover may support 
fungal growth and activity by facilitating the development and 
maintenance of large hyphal networks. Previous reports suggest that 
zero-tillage practices lead to changes in the fungal communities, 
resembling those of the natural ecosystems, and significantly contribute 
to decomposition and nutrient cycling (Bailey et al., 2002).

Our study found that predominant phylum was Ascomycota, 
followed by Basidiomycota in all scenarios, consistent with previous 
studies (Miura et al., 2015; Choudhary et al., 2018). The relatively high 
nitrogen concentrations in the soils likely contributed to the 
abundance of Ascomycota. Previous studies have reported that 
Ascomycota can utilize resources in adverse environmental conditions 
by tolerating stressful situations such as inadequate nutrient 
availability (Chen et al., 2017). Basidiomycota plays a crucial role in 
decomposing plant debris in soil, particularly in litter rich in lignin, 
which was relatively higher in partial CA treatments with retained and 
incorporated crop residues in our study (Liwanag et al., 2014).

The predominant classes were Sordariomycetes, 
Dothideomycetes, and Eurotiomycetes, all belonging to the phylum 
Ascomycota and predominant in conservation agricultural 
practices. This pattern aligns with the previous studies (Wang et al., 
2017; Choudhary et  al., 2018). Sordariomycetes produce 
cellulolytic enzymes and are typically found in soils rich in crop 
residues, as observed in our study (Phosri et al., 2012). The class 
Dothideomycetes of the phylum Ascomycota significantly differed 
among scenarios and was more abundant in CA-based management 
practices. Dothideomycetes play an important role in the 
breakdown of complex polysaccharides like cellulose in dead or 
partially digested plant tissues (Hyde et al., 2013).

Our study found that the predominant order was Sordariales, 
followed by Hypocreales, a result consistent with previous research 
conducted in residue-rich and less disturbed soils (Klaubauf et al., 
2010; Choudhary et al., 2018). Fungi belonging to this order are a 
source of secondary metabolites.

The identified predominant genera were Acrophialophora, 
Fusarium, Acremonium, and Aspergillus. Fungal communities are 
essential for soil fertility as they affect nutrient absorption efficiency 
and crop susceptibility to pathogens in paddy fields (Giraldo et al., 
2019). Fusarium, for instance, is known to cause mycetoma, leading 
to osteolytic lesions, soft tissue swelling, and abnormalities 
(Tomimori-Yamashita et al., 2002). Fungi affect ecosystem functions, 
such as plant health, and are thus an important part of soil biodiversity 
(Fisher et  al., 2012; Duniere et  al., 2017; Wang et  al., 2017). The 
Sordariales and Hypocreales orders were more dominant in full 
CA-based management scenarios (T6 and T4 scenarios), possibly due 
to differences in available carbon sources and nitrogen availability in 
those CA-based scenarios (Miura et al., 2015).

Our studies revealed that different soil components such as pH, 
SOC, N, P, K, and Cu significantly influence the diversity of fungal 
communities. Changes in the physio-chemical qualities of the soil may 
be linked to long-term shifts in the structure of the fungal community. 
According to the ecological guild analysis, Cu interacted negatively 
with the pathotroph communities, whereas Ca interacted positively 
with symbiotroph, endophyte, and saprotroph groups (Panneerselvam 
et  al., 2023). Soil fungal diversity was affected by various soil 
components. The proper functioning and quality of the soil ecosystem 
depend on the diversity of soil microbes (Garbeva et al., 2004; Liu T
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et al., 2015; Ding et al., 2017). The most influential soil parameters for 
maintaining better soil quality of CA-based production system were 
DTPA-extractable Cu, soil pH, Mortierellomycota, DTPA-
extractable-Zn. The higher SQI in scVII was attributed to better soil 
chemical and biological properties confined to higher DTPA-
extractable Cu, DTPA-extractable-Zn, Mortierellomycota, and 
optimum pH. Persistent alterations in composition of fungal 
communities may be associated with changes in the physical and 
chemical properties of the soil. Hgher concentration of SOC in the soil 
results in an elevation in CO2 levels in the soil.

Conclusion

Fungal diversity was significantly influenced by long-term tillage 
and crop establishment (TCE) methods, where partial or full CA-based 
management practices showed high fungal diversity. Soil fungal 
communities significantly varied in different TCE at the phylum, class, 
and order levels. Major phyla reported in the top soil (0–15 cm) were 
Ascomycota, Basidiomycota, and Mortierellomycta, but their 
abundance varied in different TCE management methods, with soil 
dominated by the phylum Ascomycota. Our study showed that soil 

FIGURE 7

The different soil parameters, major fungal phyla, and earthworm count were revealed using PCA coordinates of different treatments of conservation 
agriculture-based production systems.

TABLE 2 Inter-relationship between different soil parameters, earthworm count, and major fungus phyla in different treatments of conservation 
agriculture-based production system.

Fungus phyla pH EC (dS 
m−1)

SOC 
(g  kg−1)

N 
(kg  ha−1)

P 
(kg  ha−1)

K 
(kg  ha−1)

Fe 
(mg  kg−1)

Mn 
(mg  kg−1)

Zn 
(mg  kg−1)

Cu 
(mg  kg−1)

Earthworm counts 

(No./Ft.)

−0.38 −0.02 0.28 0.54 0.63 0.57 0.27 0.26 −0.41 0.65

Ascomycota 0.45 0.49 0.36 0.28 0.55 0.41 −0.46 0.01 0.26 0.31

Basidiomycota −0.09 −0.21 −0.18 −0.04 −0.24 −0.27 0.17 −0.09 −0.19 −0.11

Mortierellomycota 0.21 −0.32 −0.26 −0.37 −0.41 −0.20 −0.02 −0.31 0.21 −0.30

Mucoromycota −0.24 −0.62 −0.50 −0.72 −0.88 −0.79 0.16 −0.18 −0.23 −0.79

Oomycota −0.05 −0.45 −0.73 −0.62 −0.77 −0.65 0.11 −0.44 0.00 −0.64

Kickxellomycota 0.08 0.38 0.43 0.77 0.80 0.79 0.08 0.16 0.09 0.85

Chytridiomycota −0.14 −0.31 0.36 −0.10 −0.37 −0.32 0.19 0.34 −0.20 −0.23

Ahelidiomycota 0.64 0.20 0.24 0.23 0.39 0.05 −0.52 −0.28 −0.12 0.20

Bold values represent a significant relationship at p < 0.05.
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organic carbon, chemical properties, and earthworm populations were 
significantly influenced by the TCE, ultimately affecting fungal diversity. 
The results of this study could be used as the basis for further research 
into environmentally friendly farming practices. Finally, it is important 
to connect the taxonomic and functional analyses of soil microbes to 
learn more about the impact of farming on soil characteristics and the 
ecological functions that microbes perform.
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FIGURE 8

Soil Quality Index (SQI) is influenced by different tillage and crop establishment scenarios. Standard errors of the mean are represented by vertical bars. 
Different small letters indicate significant differences at p  ≤  0.05.
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