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Abstract: Soil salinity is a major global challenge, reducing fertility and crop productivity.
This study evaluated the effects of various soil management practices on the physical,
chemical, and microbial properties of saline soils. Six treatments, combining loosening,
ploughing, disking, and gypsum amendment, were applied to solonetzic meadow soil
with high sodium levels. Soil penetration resistance was measured using a Penetronik
penetrometer, while chemical analyses included pH, total salt content, calcium carbonate
(CaCOs3), humus, and exchangeable cations (Na*, K*, CaZ, Mg2+). Microbial composition
was determined through DNA extraction and nanopore sequencing. The results showed
that level A had the lowest penetration resistance (333 £ 200 N/ m?), indicating better
conditions for plant growth. Gypsum and loosening treatment significantly improved
penetration resistance (141 N/m?, p < 0.001), while gypsum amendment enhanced chemical
properties (p < 0.05, p < 0.01, and p < 0.001). Gypsum application balanced soil parameters
and influenced microbial communities. Reduced tillage favored functionally important
microbial genera but did not support fungal diversity (p > 0.05). These findings highlight
the effectiveness of gypsum amendment and tillage practices, like loosening and disking,
in mitigating salinity stress and fostering beneficial microbial communities. Combining
gypsum with these tillage methods proved most effective in enhancing soil health, offering
insights for sustainable soil management in saline environments.

Keywords: soil salinity; gypsum amendment; physico-chemical parameters; tillage; microbiome;
crop productivity; soil management

1. Introduction

The world’s population is increasing rapidly, and by 2050, global food demand is
expected to rise by around 50% [1]. This dramatic increase in demand for food underlines
the pressing need to find ways to produce more food safely, sustainably, and efficiently.
Soils are the foundation of global food production, providing more than 95% of the food
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we consume [2,3]. However, one significant challenge to meeting this growing demand
is the degradation of soil quality, particularly the spread of saline soils. According to
GSASmap [4], more than 424 million hectares of topsoil and 833 million hectares of subsoil
are affected by salinity, making it a significant threat to agricultural productivity in many
regions. Soil salinity affects over one billion hectares in more than 100 countries [5]. A
recent FAO report estimates salt-affected soils cover 17 million km? globally, with 2 million
km? suitable for saline agriculture [6,7]. Around 10.7% of the world’s land, including 10%
of irrigated and rainfed cropland, is impacted by salinity. Projections indicate this could rise
to 24-32% due to climate change and poor land management [5,6]. Saline soils are primarily
found in North and Central Asia, Africa, and South America, with their expansion driven
by factors such as poor drainage, excessive irrigation, groundwater salinity, and climate
change. Rising temperatures, reduced precipitation, and increasing sea intrusion further
accelerate salinization, threatening agricultural sustainability [8].

Saline soils are typically characterized by high concentrations of soluble salts, includ-
ing chlorides and sulfates of calcium (Ca?*), magnesium (Mg?*), sodium (Na*), and potas-
sium (K), along with bicarbonates (HCOj; ~), carbonates (CO3%~), and nitrates (NO3 ™) [9].
These salts interfere with the soil’s physical and chemical properties, contributing to the
degradation of soil quality [10]. Such degradation has profound implications for crop
growth, as high salinity levels inhibit the ability of plants to access water and essential
nutrients, resulting in stunted growth and reduced crop yields. Studies show that more
than 50% of agricultural lands planted with crops are facing salinity-related issues, making
salinity a widespread problem in global agriculture [11]. The effects of salinity are varied
and complex. Salinity causes osmotic stress, limiting water uptake by plants, and ionic
stress, leading to the accumulation of harmful ions such as sodium (Na*) and chloride
(CI7), which disrupt cellular functions and metabolic processes [12,13]. These stresses
can impair seed germination and interfere with the synthesis of essential biomolecules,
inhibiting overall plant growth [8,9].

In addition to its detrimental effects on plant growth, soil salinity also has a significant
impact on soil microbial communities [14,15]. Soil microbes play a vital role in nutrient
cycling and maintaining soil health. Microbial communities are responsible for the de-
composition of organic matter, nitrogen fixation, and the cycling of essential nutrients
such as potassium, phosphorus, and nitrogen, which are critical for plant growth and soil
fertility [14]. Salinity disrupts these microbial processes by altering the composition and
activity of soil microorganisms, making it more challenging to maintain soil health and
fertility. In saline soils, microbial communities adapt by favoring salt-tolerant species like
Firmicutes, Bacteroidetes, and Proteobacteria, while salt-sensitive microbes decrease, resulting
in a reorganization of the community structure. To cope with stress, microbial interactions
intensify, but the high energy costs of osmotic adaptation lead to reduced microbial activity
and lower carbon sequestration [16]. As salinity increases, this shift is further emphasized
by a decline in bacterial populations and a rise in archaea, gradually transforming the
microbial community from bacteria-dominated to archaea-dominated [17]. Furthermore, it
is documented that soil salinity not only exerts significant pressure on prokaryotic com-
munities, but also reduces microbial diversity, richness, and phylogenetic diversity [18].
Zhang et al. [19] found that high salinity levels can reduce microbial diversity and hinder
nutrient cycling. The disruption of microbial activities by soil salinity further increases soil
degradation and negatively affects soil quality [20]. Thus, maintaining a balanced microbial
community is essential for ensuring long-term soil health and agricultural productivity [21].
Improving soil biodiversity and overall health involves strategies like increasing organic
matter, reducing how often and how intensively the soil is tilled, and implementing crop ro-
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tation. Effective management of microbial communities, along with efforts to limit harmful
pathogents, is also essential, as is embracing sustainable agricultural methods [22].

Given the significant challenges posed by soil salinity, finding effective ways to mit-
igate its negative impacts is crucial. One promising approach to mitigating the negative
effects of salinity on soil health is the use of gypsum (CaSO4-2H;0) as a soil amendment.
Gypsum is widely considered to be one of the most effective and cost-efficient amendments
for saline—sodic soils [23]. It is readily available and has a high calcium content, making
it particularly effective in balancing the calcium (Ca?*) and sodium (Na*) ratios in the
soil. This improves soil structure, facilitates water movement, and enhances plant nutrient
uptake. Gypsum has been shown to significantly improve soil conditions, making it easier
for plants to access water and essential nutrients, which is particularly important in salt-
affected soils [23]. Additionally, gypsum provides sulfur, an essential nutrient that aids in
the production of phytohormones, amino acids, and osmo-protectants, which help plants
cope with salt-induced stress [24]. Calcium, supplied by gypsum, also helps regulate the
balance of potassium (K*) and sodium (Na*) within plant cells, which is crucial for plants
to tolerate salinity and grow effectively under salt stress [25]. Studies have also shown that
gypsum amendments can significantly boost microbial biomass and activity in saline soils,
improving nutrient cycling and soil health [26]. It has been found that gypsum application
not only improved soil physical properties but also increased microbial populations, par-
ticularly in the rhizosphere, where nutrient availability is critical for plant growth [25,27].
Furthermore, Bossolani et al. [28] demonstrated that gypsum treatments led to a shift in
the microbial community composition, fostering the growth of beneficial microbes such as
nitrogen-fixing bacteria, which are vital for maintaining soil fertility in saline conditions.
Gypsum supports a unique microbial ecosystem, with higher taxonomic diversity. The
presence of gypsum also appears to enhance microbial activity influencing soil structure
and nutrient availability [29]. These findings suggest that gypsum amendments may not
only mitigate the negative impacts of salinity on microbial communities but also promote
long-term soil sustainability through enhanced microbial processes [26,30]. As salinization
continues to affect agricultural soils globally, the role of gypsum in supporting microbial
communities becomes increasingly important in managing soil health and fertility [31]. Soil
salinity management globally involves several key approaches, including physical, chem-
ical, and biological methods. Physical methods encompass techniques such as scraping,
ploughing, subsoiling, leveling, and mulching, which help to improve soil structure and
facilitate salt leaching. Chemical methods, besides the application of amendments like gyp-
sum, involve NPK fertilizers and other essential nutrients as well, which help to reduce the
salt concentration and enhance soil fertility. Biological methods include phytoremediation,
where plants are used to absorb or accumulate salts, and microbial remediation, which
utilizes specific soil microorganisms to break down or transform salts and other contami-
nants, improving soil health and crop productivity [9]. All of these methods are effective in
managing soil salinity; however, none of them is universally applicable across all regions
due to variations in local soil conditions, climate, and agricultural practices. There remains
a significant gap in research when it comes to combining physical and chemical methods
in a way that reflects the real-world practices of farmers, who typically use both tillage
and chemical treatments simultaneously. Integrating these methods more effectively could
provide a more holistic and practical approach to soil salinity management, tailored to the
specific needs of different farming systems.

There is still limited research on the combined impact of tillage practices and gypsum
application on soil microbial communities, in saline areas. Soil microorganisms are crucial
for nutrient cycling, soil health, and maintaining a stable ecosystem, but the effects of
different soil management practices, such as gypsum amendments and tillage methods,
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on these microbial communities have not been extensively studied. Tillage methods, such
as conventional tillage and reduced tillage, can alter soil structure, water infiltration, and
microbial activity, influencing the composition of soil microbial communities [32]. Reduced
tillage is often associated with improved soil health and microbial diversity, while conven-
tional tillage can disrupt soil structure and negatively affect microbial populations [33,34].
Understanding how these different tillage practices, combined with gypsum amendments,
influence microbial communities in saline soils is critical for optimizing soil management
strategies. The primary objectives of this study are to evaluate the impact of different tillage
methods and gypsum applications on the physico-chemical properties of saline soils, and
to assess how these treatments influence soil microbial communities. By examining these
factors at varying soil depths, this research aims to better understand how tillage practices
and gypsum amendments can improve soil health and productivity. Specifically, this study
will focus on soil microbial diversity, identify key community members that are more
prevalent under different treatments, and analyze the methods that favor the presence of
microbial members that have functional activities important for soil health. The results
will provide valuable insights into sustainable soil management strategies that not only
enhance soil quality but also increase crop yields and ensure the long-term sustainability of
agricultural systems in saline-affected regions.

2. Materials and Methods

2.1. Experimental Design and Soil Characteristics

An experiment was conducted near Beseny6telek, Hungary (47°40'20.1” N, 20°25'06.8" E),
using six treatments applied to six 4 m x 4.5 m plots, with each treatment replicated three
times. These treatments consisted of combinations of gypsum amendment and various
tillage methods: M1 (soil ploughing and soil loosening), M2 (gypsum and soil loosening
combined with soil ploughing), M3 (gypsum and soil loosening), M4 (soil loosening only),
M5 (gypsum and soil disking), and M6 (control or soil disking) (Figure 1).
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Figure 1. Experimental area. The figure illustrates the application of six different soil treatment
methods (M1-M6), where M1 is soil ploughing and soil loosening; M2 is gypsum, soil loosening,
and soil ploughing; M3 is gypsum and soil loosening; M4 is soil loosening; M5 is gypsum and soil
disking; and M6 is control (soil disking). These treatments were analyzed across three distinct soil
levels (A soil level: 0-35 cm; B soil level: 36-60 cm; C soil level: >60 cm).

The selection of tillage methods was driven by their ability to address key factors such
as soil compaction, structure, and fertility. Conventional tillage, such as ploughing (up to
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35 cm depth [35]), was included for its effectiveness in breaking up compacted layers and
incorporating organic matter, particularly in heavy clay soils. In contrast, reduced tillage
methods, such as loosening (up to 40 cm depth [36]) and disking (up to 20 cm depth [36]),
were chosen for their ability to improve soil aeration and root penetration while minimizing
soil disturbance. Disking was selected as the control treatment due to its widespread use in
the region for seedbed preparation and crop residue management [36]. It was chosen over
the no-till option because it is a commonly applied tillage method that more accurately
reflects typical soil conditions. The combination of these tillage methods, alongside gypsum
amendment, was designed to evaluate their synergistic effects on both soil physical and
chemical properties.

A total of 18 soil samples were collected from three different soil depths: A (0-35 cm),
B (36-60 cm), and C (>60 cm depth). For each soil depth, six samples were collected, with
three samples representing each of the treatments (M1-M6). The soil samples were analyzed
for various physical and chemical properties, as well as the effects of the different treatment
combinations. The details of these combinations are provided in the figure captions, where
we describe gypsum-included treatments (M2, M3, M5) and non-gypsum treatments (M1,
M4, M6), as well as the classification of conventional tillage (M1 and M2) and reduced
tillage (M3, M4, M5, M6). For microbial analysis, 12 soil samples were collected from
levels A and B (6 samples from each depth) to assess the microbial communities under the
different treatments. The choice of not sampling level C for microbial analysis was based
on the very low DNA concentrations detected at this depth, as further explained in the
Section 3.1.

The experimental soil was classified as solonetzic meadow soil, characterized by
sodium accumulation and high alkalinity, which influences its physical and chemical
properties. These conditions typically affect soil structure, water infiltration, and nutrient
availability [21]. The measured parameters, presented in Table 1, indicate variations
in pH, exchangeable cations, and organic matter content across the different soil levels.
According to international soil classification guidelines, optimal soil conditions for most
crops include neutral to slightly acidic pH levels (6.0-7.5) and well-balanced exchangeable
cations to support proper nutrient uptake [37,38]. In contrast, the observed pH values at
the deeper levels exceeded this range, which can reduce phosphorus and micronutrient
availability [39,40]. Additionally, the high exchangeable sodium content may impact soil
structure and permeability. To address these conditions, gypsum was applied as a soil
amendment to improve soil properties and mitigate potential constraints to crop growth.

Table 1. Chemical parameters of soil.

Measured Parameters

Soil Properties Analyzed !

A Soil Level B Soil Level C Soil Level

Arany’s plasticity index 56 73 80

Bulk density (g/cm?) 1.367 1.485 1.472
Humus content (w/w%) 2.07 1.17 0.46
NayCOj3 content (w/w%) <0.2 0.033 0.72
CaCOj3 content (w/w%) 0.086 3.8 7.16
pH (KCI) 5.75 7.73 8.11
pH (H,0) 7.25 8.37 9.05
Exchangeable K* (meq/100 g) 0.532 0.522 0.501
Exchangeable Mg?* (meq/100 g) 543 12.11 17.8
Exchangeable Ca®* (cmolc/kg) 16.51 84.5 171

Exchangeable Na* (meq/100 g) 1.87 5.11 8.22

1 Different chemical parameters of soil analyzed at three soil levels: A 0-35 cm, B 36-60 cm, C 61-90 cm.
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2.2. Determination of Gypsum Amendment

The amount of gypsum amendment was calculated based on the exchangeable sodium
ion content using Equation (1) [41].

Na(k) x M x 6§ x E
Xt/ha = (k) 0 (1)

where Na(k) represents the exchangeable sodium ions [mgeq/100 g], M is the thickness
of the soil layer to be treated [m], § is the bulk density of the soil [g/ cm?], and E is the
equivalent value of the soil amendment.

The required value was determined as the weighted average of the exchangeable
sodium ion content and bulk density data from the A and B soil horizons. Considering
5% contamination, the required amendment quantity was calculated to be 23.55 t/ha, or
42.39 kg per plot, as calculated in Equation (2).

3.22 x 0.6 x 1.416 x 86.1
Xt/ha = 10 = 23.55/ha 2)

2.3. Soil Sampling

Soil samples were collected from drilled soil profiles. Sampling was performed ac-
cording to the specific soil conditions of the treatments, using clean tools and rubber gloves
throughout the process. For each plot, three drillings were conducted, and separate samples
were taken from each soil level (A, B, C). These samples were homogenized before physical
and chemical analyses were conducted. For microbiological measurements, samples were
only taken from the upper two soil levels (A and B). Collected soil samples were labeled,
transported in coolers, and stored frozen to preserve their integrity.

2.4. Physical and Chemical Analyses

Soil resistance was measured using a Penetronik penetrometer (CREON HEROES Inc,
Péapa, Hungary) set to clay mode. Plasticity was determined by adding water to 50 g of air-
dried soil in a porcelain mortar until it formed drooping peaks, following the procedure of
Filep [41]. For pH determination, 5 g of soil was mixed with 12.5 cm? of distilled water and
1 mL KCl solution, and the pH was measured after 12 h, as described by Csubak [42]. Total
salt content was determined by preparing a slurry at the moisture content corresponding to
the Arany plasticity index and measured using a conductivity meter (model 105, Thermo
Scientific™, Orion Research Inc, Franklin, MA, USA) [43]. Sodium carbonate content was
assessed via titration, mixing 20 g of soil with 200 cm? of distilled water and 1 cm3 of 1%
phenolphthalein indicator. The suspension was titrated with 0.1 m HCI until the faint red
color disappeared. During titration, 1 cm® of 0.1 m HCI corresponded to 0.0106 g (~10 mg)
of sodium carbonate. The sodium content in the 20 g soil sample was then calculated using

Equation (3) [41].
mL HCI x 0.0106 »
20

Total carbonate content (as CaCO3) was measured using a Scheiber calcimeter (Gab-

NayCO3% = 100 3)

brielli Technology, Calenzano (FI) Italy) [44]. Humus content was determined by treating
0.5 g of air-dried soil with 10 cm?® of 5% K,Cr,Oy solution and 20 cm?® of concentrated
H,SO,. After cooling, the mixture was diluted with distilled water and left overnight. The
supernatant was decanted, and color intensity was measured photometrically at 550 nm
using a spectophotometer (Model PU 8610 UV /VIS, Pye Unicam, Cambridge, GB) [45].
Exchangeable cations (K*, Na™, CaZ, Mg2+) were determined using the Mehlich method,
with a BaCl, solution adjusted to pH 8.1 to minimize carbonate interference. Cation concen-
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trations were measured via Varian SpectrAA 5 Atomic Absorption Spectrometer (Varian
Inc., Palo Alto, CA, USA) [46].

2.5. Soil Microbiome Analysis
2.5.1. Mechanical Cell Disruption

From the homogenized soil sample, 0.25 g was transferred to a lysis tube (PowerBead,
Qiagen, Hilden, Germany). To this, 800 uL of CD1 buffer (Qiagen, Hilden, Germany)
was added, followed by vortexing. Mechanical cell disruption was performed using the
MagNA Lyser instrument (Roche Applied Sciences, Penzberg, Germany) at 4000 rpm for
30 s. The samples were incubated at 4 °C for 2 min and subjected to the same MagNA
Lyser procedure again. Subsequently, the samples were incubated at 60 °C for 10 min
(Dry Block Thermostat, Bio TDB-100, Biosan, Latvia). DNA was pelleted by centrifuging
the samples at 16,000 x g for 1 min at room temperature. The supernatant (500-600 pL)
was carefully transferred to new microcentrifuge tubes (Qiagen GmbH, Hilden, Germany)
without disturbing the pellet.

2.5.2. DNA Extraction

DNA extraction was carried out using the Qiagen DNeasy Power Soil Pro Kit (Cat. No.
47014, Qiagen, Hilden, Germany). First, 200 pL of CD2 solution was added to 500-600 uL
of supernatant, vortexed for 3 s, and centrifuged at 15,000x g for 1 min. The supernatant
(700 uL) was transferred to a new tube, and 600 pL of CD3 solution was added and
vortexed for 3 s. The lysate (650 puL) was applied to a QlAamp Mini Spin Column and
centrifuged at 15,000x g for 1 min; the filtrate was discarded. This step was repeated
with the remaining lysate. During the washing phase, 500 uL EA solution was added
to the column, followed by centrifugation for 1 min. Then, 500 uL of C5 solution was
added, and another centrifugation step was performed. Afterward, 500 uL of 96-100%
ethanol was added and centrifuged, and the eluate was discarded. The column was dried,
and 70 uL of C6 buffer was added, incubated for 3 min, and centrifuged to elute the
purified DNA. The extracted DNA was stored at —20 °C. DNA quality was assessed using
a NanoDrop™ 2000 Spectrophotometerphotometer (Thermo Scientific™, Franklin, MA,
USA), and the concentration was measured with a Qubit™ 4 Fluorometer (Invitrogen™,
Waltham, MA, USA).

2.5.3. Sequencing Library Preparation (165 and ITS Regions)

For nanopore sequencing library preparation, we followed the Oxford Nanopore
Ligation Sequencing V14-PCR Barcoding protocol (SQK-LSK114 with EXP-PBCO001, Ver-
sion: PBC_9182_v114_revK_07Mar2023, last updated on 21 August 2024). Amplicon PCR
was carried out using primers specific to the target loci, which were designed to incorpo-
rate nanopore-specific adapters. To amplify the full-length 16S rDNA region (~1500 bp),
primers VIVIF (5'-tttctgttggtgetgatattgc AGAGTTTGATCCTGGCTCAG-3') and V1VIR
(5'-acttgectgtegetetatcttc GNTACCTTGTTACGACTT-3) were used. For the ITS region
(~800 bp), the primers ITSIF (5'-tttctgttggtgetgatattgc TACACACCGCCCGTCG-3') and
ITS4R (5'-acttgectgtegetetatcttc CCTSCSCTTANTDATATGC-3') were applied.

The reaction mixture for PCR included 12.5 pL of LongAmp Hot Start Taq 2X Master
Mix (NEB), 1 uL of each primer (5 uM), and the appropriate template DNA. For the 165
amplicon PCR, 20 ng of template DNA was used, whereas the ITS amplicon PCR required
20 ng. The thermal cycling conditions for the 16S region started with an initial denaturation
at 95 °C for 3 min, followed by 25 cycles of 95 °C for 20 s, 55 °C for 30 s, and 72 °C for
120 s. A final extension at 72 °C for 5 min completed the process, with samples held at 4 °C
afterward. Similarly, the ITS PCR followed the same protocol, except the extension time in
each cycle was set to 90 s.
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Amplicon products were quantified using the Qubit™ dsDNA HS Quantitation Assay
Kit (Thermo Scientific™, Franklin, MA, USA), and library preparation was performed
following the manufacturer’s guidelines. Each sample was assigned a unique barcode
(BC1-BC12), and the libraries were adjusted to a final concentration of 100 fmol. Sequencing
was conducted using the MinlON MK1C sequencer (Model No MN-101C, Oxford Nanopore
Technologies, Oxford, UK) equipped with R10.4.1 flow cells. During the sequencing run,
Guppy continuously improved base calling. Base call accuracy improved as more data
were accumulated. As the sequencing run continued, Guppy refined base calling and
adjusted for errors [47]. Input files were concatenated, and per-read stats were generated
with the Fastcat program [48]. For quality control, MinlONQC was performed [49].

Following an 8 h sequencing run for the 16S library, the flow cell was cleaned using
the Wash Kit (EXP-WSH004) before loading the ITS library. The sequencing workflow was
managed using MinKNOW software (version 23.07.12) with real-time base calling enabled,
utilizing the Ligation Sequencing Kit V14 (SQK-LSK114) and selecting the PCR Barcoding
Expansion (EXP-PBC001).

Taxonomic alignment was performed using Epi2me Agent software with the wf-
metagenomics (v2.11.0) workflow. The Kraken2 classifier (version 2.1.3) was employed
with a minimum identity threshold of 90%, and the analysis was conducted using the
ncbi_16S_18S_ITS database. This approach enabled precise taxonomic classification and a
thorough evaluation of microbial communities.

2.6. Statistical Data Analysis

Sequencing data were filtered and transformed using the dplyr package in R. Alpha
diversity metrics, including the Chao-1 and Shannon indices, were calculated using the
phyloseq v.1.44 package [49,50]. Statistical analysis for alpha diversity was conducted
using the Kruskal-Wallis test due to the non-normal distribution of the data. Graphs
(box plots, line plots, bar plots, area plots, polar plots, volcano plots) were created with
the ggplot2 R package (v3.5.0) [51,52]. Heatmaps were generated using the pheatmap
R package (v1.0.12) [53], and taxonomic heat trees were constructed with the Metacoder
R package [54]. Statistical differences were assessed using the Wilcoxon rank-sum test,
as the data did not follow a normal distribution according to the Shapiro-Wilk test. All
tests were two-tailed, and statistical significance was set at p < 0.05. No corrections for
multiple comparisons were applied to retain potentially valuable findings and allow for
independent interpretation from different perspectives, while acknowledging this as a
methodological choice that comes with certain limitations in statistical inference.

3. Results
3.1. Soil DNA Extraction

Obtaining the right quality and quantity of DNA is crucial for successfully per-
forming various molecular techniques, such as PCR-based assays and library creation.
The results indicated that the highest DNA concentration was extracted from soil
level A (27.4 £ 3.7 mg/uL), while concentrations gradually decreased at soil levels B
(14.08 &+ 3.7 mg/uL) and C (0.32 £ 0.2 mg/uL), as shown in Figure 2. This trend suggests
that microbial abundance is highest in the uppermost soil layers, where organic matter
and nutrient availability are greater, supporting microbial growth and activity [14,15]. In
contrast, DNA extraction from deeper soil levels (B and C) yielded substantially lower
concentrations, with level C showing the lowest results. The extremely low DNA con-
centration at level C was insufficient to meet the critical threshold for successful PCR
amplification (165 and ITS: 20 ng), likely due to the harsher environmental conditions in
deeper soils. Factors such as reduced organic matter content, lower microbial biomass, and
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Figure 2. Changes in DNA concentrations at different soil levels. Bar plots show the differences in
DNA concentrations between the methods (M), at three soil levels (A, B, C). The red dashed lines
indicate the DNA concentration average of the settings corresponding to the soil levels. Asterisks
indicate significant differences between A vs. B and A vs. C soil levels, ** p < 0.01.

Due to these constraints, sequencing studies based on the MinION platform were
only performed on soil samples from levels A and B, where DNA concentrations were
sufficient for further molecular analyses. This selective approach ensured the generation
of high-quality sequencing data and minimized potential biases associated with low-
template amplification.

3.2. Sequencing Results

The 16S sequencing run of the MinION produced 1,770,000 reads. Of the total
reads, 1,248,244 (70.55%) passed the quality gscore of 8 as determined by MinKNOW
(version 23.07.12), with a mean gscore of 9.7. The pass reads corresponded to approxi-
mately 104,020 reads per sample. In the taxonomic alignment, the majority of barcoded
reads (1,245,630) were correctly aligned to the reference (ncbi_16S_185_ITS) with 99.79%
accuracy using the Kraken2 classifier. Metrics of the 165 run are detailed in Table 2.
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Table 2. Metrics of the nanopore sequencing run (16S).

Parameters 16S Metrics

Total yield 291Gb

Read length N50 = 1620 bp

Number of reads

Total 1,770,000

Pass 1,248,244

Average reads per sample (min—-max) 104,020 (45,146-227,130)
Reads mapped to reference 1,245,630

Average reads per amplicon (min—-max) 1583 (134.3-18,265.5)
Mean gscore 9.7

The ITS sequencing run performed with the MinION yielded a total of 2,140,000 reads.
Of these, 1,612,448 reads (75.34%) met the quality threshold of a gscore of 9, as deter-
mined by MinKNOW (version 23.07.12), with an average qscore of 13.3. This represents
approximately 134,371 reads per sample. During taxonomic classification, the major-
ity of the barcoded reads (1,575,532) were accurately aligned to the reference database
(ncbi_16S_18S_ITS) with an alignment accuracy of 97.71% using the Kraken?2 classifier.
Details of the ITS sequencing run metrics are presented in Table 3.

Table 3. Metrics of the nanopore sequencing run (ITS).

Parameters ITS Metrics

Total yield 2.27 Gb

Read length N50 = 927 bp

Number of reads

Total 2,140,000

Pass 1,612,448

Average reads per sample (min—-max) 134,371 (49,696-175,370)
Reads mapped to reference 1,575,532

Average reads per amplicon (min—max) 963.3 (112.7-9437.3)
Mean gscore 13.3

3.3. Physical Parameter of Soil

Soil penetration resistance is a key physical parameter that influences plant growth
and microbial activity. Our results showed that soil level A exhibited significantly lower
penetration resistance compared to levels B and C (level A penetration: 333 & 200 N/m?; vs.
level B: 683 + 169 N/m? p =0.015; vs. level C: 939 + 133 N/m?, p = 0.0022), meaning it was
the least compacted and most conducive to plant growth (Figure 3b). This was followed by
the medium soil level (B), while the deepest soil level (C) showed the highest penetration
resistance, indicating more compacted conditions.
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Figure 3. The effect of different tillage methods combined with gypsum amendment on soil penetra-

tion resistance (N/m?). In panel (a), the line plots illustrate the variation in penetration resistance
(y axis) across the different soil depths (x axis). The different line colors represent the six tillage
methods (M1-M6). In panel (b), the bar plots highlight the differences in penetration average (y axis)
within the three soil levels (A, B, C) under the six different tillage methods (x axis). Asterisks indicate
significant differences, with ** p < 0.01, and *** p < 0.001. Comparisons were performed between the
control and all other methods.

Significant differences in soil penetration values were observed among all treatments
applied when comparing with the control treatment (p < 0.05). Statistical analysis revealed
that different tillage methods had a notable impact on soil compaction or soil penetration
resistance (Figure 3a). Focusing on soil level A, which is the best for plant and microbial
growth, the combination of loosening and gypsum treatment (M3) resulted in the best
outcomes, with significant differences from the control (p < 0.001). This combination helped
in the reduction in compaction and improvement in soil structure, creating better conditions
for plant growth. On the other hand, the ploughing method combined with loosening (M1)
showed the worst results, leading to the highest soil compaction (p < 0.001).

3.4. Microbial Community at Soil Level A

To gain a deeper understanding of how the M1 and M3 methods influence the soil
microbiome at level A, we performed a detailed analysis across different taxonomic levels.
The results indicated that bacterial communities thrived more under M1, whereas M3
favored specific fungal taxa (Figure 4).

In the bacterial group, taxa predominantly enriched in M1 included Paludibaculum

(logoFC = 0.467), known for its role in organic matter decomposition [58], with P. fermentans
(logo FC = 0.467) as a representative species. Additionally, Gaiella (logo FC = 0.904), which
inhibits the growth of pathogenic fungi [59], was significantly enriched, particularly G.
occulta (logrFC = 0.904). Usitatibacter (logrFC = 0.721) also exhibited higher abundance,
with U. rugosus (log, FC = 0.901) being a notable species. Conversely, taxa enriched in M3
samples included Clostridium (log,FC = —1.130), which plays a crucial role in nitrogen
preservation [60], particularly C. tagluense (log,FC = —1.562).



Agriculture 2025, 15, 658 12 of 28

Settings
M1: soil ploughing & soil loosening
M3: gypsum & soil loosening

Phylum Class Order Family Genus Species

[[JAcidobacteriota Blastocatellia—————— | Blastocatellales Arenimicrobiaceae Brevitalea‘[EB. deliciosa
B. aridisoli Level A: 0-35cm

Arenimicrobium ———]A. luteum E
Blastocatellaceae————]Stenotrophobacter———__1S. terrae £ !
Terriglobia4[\Bryobacterales—[!Bryobacteraceaeﬂ Paludibacull P, fer E | 05
Bryobacter ———— | B. aggregatus E
.5 Vicinamibacteria {_Vicinamibacterales {"Vicinamibacteraceae {"Vicinamibacter {1V silvestris
z-') |—D Luteital (L. pr " g
g [[Actinomycetota W Thermoleophilia W Gaiellal. W Guaiell. W Gaiella W G. occulta E
g [IPseudomonadota ‘,:SAlphtlproteobacteria —{_1Rhodospirillales—— ] Azospirillaceae——————— | Sker 1l {1S. stibiir ED
Betaproteobacteria Burkholderiales—1Sphaerotilacecae—————— |Ideonelli————"1I. dechloratans S
ﬂNitrn l dales——18 Usitatibacteraceae {8 Usitatibacter W U. rugosus e
[JBacillota { ] Bacilli {_]Bacillales {_|Bacillaceae {_1Peribacillus————_|P. frigoritolerans
Cytobacillus {_]C. for -
Neobacillus {IN. dr E !
Clostridia———_] Eubacteriales—_| Clostridiaceae————_| Clostridium—H C. tagluense E
[INitrospirota——————{ | Nitrospiria ————_] Nttrosptralesg[l Nltrosptraceae—[] Nitrospira {_IN. japonica g I
[l Planctomycetota———_] Phycisphaerae———— | Tepidisp ales {1 Tepidisphaeraceae {1 Tepidisp a {7 mucosa o LS
[1Gemmatimonadota——{1G ] dia—1G ti dal { 1G ] daceae — 1G ti {]1G. ph ophica
[[JMyxococcota {_] Polyangia {1 Haliangiales— ] Kofleriaceae [ ]Haliangium {_|H. ochraceum
["JAscomycota 1| Dothideomycetes —_| Pleosporales———1_] Phaeosphaeriaceae—_1 Paraphoma——_1P. ledniceana
—{_]Pleosporaceae ‘E: Alternaria—— A. thalictrigena Level A: 0—35cm
_|Stemphylium ————{1S. majusculum s
—{_|Didymellaceae——————"1Didymella——————1_1D. rosea '_E ! 8
——{1Sordariomycetes——_| Hypocreales —_| Nectriaceae {|Fusarium {_|F. foetens é =
EF ipomoeae E 6
F citricola
.EIJ F rubicola A &
= usicolla ductuum E
é "] Clavicipitaceae— | Metarhizium E’M~ guizh \E/
LDM. phasmatodeae 2 :;D
—{ Microascales Microascaceae 8 Gamsia W G. columbina
| Xylariales ———_]Sporocadaceae —— ITruncatella ————— 1T angustata 0
—JLeotiomycetes— 1| ThelebolalesT Thelebolaceae—————_| Pseudogymnoascus——{_|P. destructans
Pseudeurotiaceae {1 Pseudeurotium 1P, bakeri % >
["]Basidiomycota ———{_] Tremellomycetes {_] Filobasidial {_] Piskurozymaceae————"1Solicoccozyma ——_1S. aeria §
o
Filobasidiaceae { Filobasidi C1F mag gl
[IMucoromycota [ Mortierellomycetes —_1Mortierellales {_|Mortierellaceae {IMortierella——{_1M. rishikesha L
Li ‘ W L. longig
[[1Zoopagomycota [l Harpellomycetes {_]Harpellal {"] Legeriomycetaceae———_] Zancudomyces ————{1Z. culisetae

Figure 4. Variations in microbial community abundance at soil level A. The composite heat map
displays the log, ratios of microbial taxa across phylum, class, order, family, genus, and species levels
in soil layer A, representing the top 20 species in both bacterial and fungal communities. Differences
are visualized on a log scale as the logarithm of soil M1/M3. Differences are illustrated with gradient
colors, where the red scale represents the dominance of taxa in method M1, whereas the blue scale
represents the taxa dominant in method M3. Lines connect related taxa.
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For fungi, M1 favored Alternaria thalictrigena (logo FC = 8.169), a species from the Al-
ternaria genus known for its pathogenic traits [61], and Filobasidium (log,FC = 4.390), partic-
ularly F. magnum (logpFC = 4.685), known for its contribution to lipid biotransformation [62],
thrived under M1. In contrast, M3 supported Gamsia (logoFC = —4.891), with G. columbina
(logrFC = —4.902) being most affected. Similarly, Pseudeurotium (logoFC = —2.615), known
for its role in biodegradation [63], exhibited higher prevalence under M3, with P. bakeri
(logoFC = —2.586) as a representative species. Additionally, Linnemannia (logp FC = —1.915),
which contributes to plant growth promotion [64], was more abundant under M3, particu-
larly L. longigemmata (logoFC = —4.338).

3.5. Examination of Genera Associated with Beneficial Functions for Soil Health

We also analyzed the impact of these specific soil treatments on the functional activities
of microorganisms in the soil, which are crucial for various soil health processes, including
nutrient cycling, bioremediation, and pathogen suppression. As shown in Figure 5, reduced
tillage was also more effective in enhancing beneficial microbial genera, leading to a higher
abundance of all functional microbial groups compared to conventional tillage. In contrast,
conventional tillage did not yield the same benefits, with microbial functional activity
remaining lower. Additionally, both soil level and gypsum application played significant
roles in shaping the abundance and functional activity of distinct microbial communities.
Soil level A showed the highest abundance of genera associated with bioremediation func-
tions. This indicates a strong relationship with the promotion of microbial communities
involved in environmental contaminant breakdown. Similarly, functional groups responsi-
ble for cellulose degradation, which play a crucial role in breaking down organic matter,
and also plant growth-promoting genera were found to be more abundant at soil level A.
On the other hand, soil level B also showed a rich community of functional genera. Those
associated with siderophore production, antibiotic production, and antimicrobial agent
synthesis were more prevalent at this deeper soil level. In contrast, genera involved in
nutrient mobilization exhibited a consistent distribution across both soil depths. While
soil depth was a key factor in distinguishing the presence of specific genera, the gypsum
amendment proved to be effective across nearly all genera.

3.6. Chemical Parameters of Soil

The chemical parameters of the soil and the effect of gypsum application were also
analyzed. The results showed that gypsum amendment had a significant positive impact
on soil chemical properties, particularly nutrient balance (Figure 6). Its application reduced
exchangeable sodium (Na*) levels (p < 0.001), especially at soil level A, by displacing
sodium ions with calcium (Ca?*) ions due to gypsum’s high calcium content, increasing
the soil’s calcium levels. So, this process not only decreased sodium concentrations but
also increased exchangeable calcium levels (p < 0.001 for level A, p < 0.05 for level B,
p > 0.05 for level C), enhancing soil structure and fertility. Additionally, gypsum raised
potassium chloride (KCl) levels, an essential nutrient for plant growth, aiding processes
like photosynthesis and water regulation (p < 0.001 for level A, p < 0.001 for level B). It also
helped lower the soil pH (p < 0.05 for level A), which is especially beneficial for alkaline
soils, where high pH can hinder nutrient availability. The greatest changes were recorded at
soil level A, and the smallest at soil level C, which may be attributed to the short-term effect
of gypsum, which can be more effective in the upper parts of soil. As shown in Figure 6,
soil level C contained the highest concentration of all plant nutrients, followed by level B,
while level A had the lowest nutrient levels. This can be attributed to the salinity of the soil,
which can be responsible for this nutrient accumulation at deeper levels of soil.
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Figure 5. Changes in the functional groups of the microbiome. The area plots display the relative
abundance (y axis) of functional genera across different conditions: soil depth, gypsum amendment,
and tillage methods (x axis). The area plots display the samples in descending order. The area under
the curve (AUC) was normalized to the highest value that represents 100%. Genera included in this
analysis can be found in Table S1 in the Supplementary Materials [65-102].
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Figure 6. Changes in chemical parameters for treatments. The bar plots show the differences
calculated between applied gypsum and non-applied gypsum soil samples (x axis) from three soil
levels (A, B, C) for different chemical parameters (y axis: (a) Exchangeable Na*, (b) exchangeable
Mg2+, (c) exchangeable Ca*, (d) KCI~ exchangeable SO4—S, (e) NayCO3, (f) pH). Asterisks indicate
significant differences between applied gypsum and non-applied gypsum samples, with * p < 0.05,
**p <0.01, and *** p < 0.001.

3.7. Species Exhibiting Strong Correlations with Changes in Soil Chemistry

Changes in the chemical parameters of soil are absolutely influential for its ‘inhabi-
tants’. Analyses exploring the correlations between the soil microbiome (bacteria and fungi)
and soil chemical parameters under gypsum treatment are presented in Figure 7. Generally,
there were more correlations for bacteria and less for fungi for all chemical parameters.
The correlation analysis highlighted notable trends among bacterial species and soil pa-
rameters. Gaiella occulta showed strong negative correlations with soluble salts (R = —0.70)
and CaCOj3 (R = —0.91), indicating it thrives in low-salinity and low-calcium environ-
ments. Ideonella dechloratans was also negatively correlated with soluble salts (R = —0.98)
and CaCOj3 (R = —0.95) but positively associated with humus (R = 0.91), suggesting a
preference for organic-rich soils. On the other hand, Peribacillus frigoritolerans had strong
positive correlations with soluble salts (R = 0.99), CaCOj3 (R = 0.896), and exchangeable Ca%*
(R =0.92), indicating adaptability to saline and calcareous conditions. Methylothermalis
aethiopiae also correlated positively with CaCOj3 (R = 0.95) and exchangeable Na* (R = 0.95),
hinting at salt tolerance. A striking trend was seen with Gemmatimonas phototrophica, which
exhibited negative correlations across nearly all parameters, including pH (R = —0.86),
easily soluble Na* (R = —0.99), and exchangeable Ca?* (R = —0.85), suggesting sensitiv-
ity to high-salinity and alkaline conditions. In contrast, Arboricoccus pini had positive
correlations with pH (R = 0.77) and exchangeable Na* (R = 0.86), indicating a different
ecological adaptation.
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Figure 7. Correlations between chemical parameters and taxonomic species in gypsum-amended
areas. The polar plots display the relationships between chemical parameters and microbial commu-
nities ((a) bacteria, (b) fungi), focusing on the top 15 species, which are labeled with numbers 1-15.
Positive correlations are represented by blue and green, while negative correlations are indicated by
yellow and red. Correlation values for each species are shown at the edges of the plots.

Also, the analysis of fungal species revealed distinct correlations with various chemi-
cal parameters, with some showing strong positive and negative relationships. Alternaria
thalictrigena exhibited the highest positive correlation with exchangeable K* (R = 0.93), and
also showed a significant positive correlation with pH (R = 0.85). In contrast, Metarhizium
phasmatodeae displayed a strong negative correlation with pH (R = —0.86), suggesting a
preference for more acidic environments. It also showed negative correlations with easily
soluble Na* (R = —0.79) and humus (R = —0.74). Another interesting trend was seen in
Metarhizium guizhouense, which shared similar negative correlations with pH (R = —0.85)
and humus (R = —0.71). This points to a preference for more acidic soils with less organic
matter. Species such as Stemphylium majusculum and Fusarium foetens exhibited negative
correlations with multiple parameters, including soluble salts, exchangeable Ca?*, and
Mg?*, pointing to a preference for environments with low salt and mineral contents. Fusar-
ium nygamai also showed negative correlations with pH (R = —0.50) and easily soluble Na*
(R = —0.69), indicating that it thrives in more acidic soils with lower sodium concentrations.
Additionally, Alternaria pseudorostrata exhibited a positive correlation with K* (R = 0.54)
and Ca?* (R = 0.47), highlighting its preference for soils with higher mineral levels. On
the other hand, Pseudogymmnoascus destructans was one of the few species to show a strong
negative correlation with Ca?* (R = —0.89), indicating its preference for soils with a lower
calcium content. Generally, compared to bacteria, fungi showed weaker correlations with
humus, exchangeable Ca?*, and water-soluble salts.
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3.8. Owverall Diversity of Soil

We observed that gypsum amendment positively influenced soil diversity, with a
particularly significant impact on fungal communities, as indicated by the Shannon diver-
sity indices (p = 0.04). Although the differences were not statistically significant, reduced
tillage methods tended to promote higher soil diversity compared to conventional tillage
(Figure 8). This suggests that reduced soil disturbance may create more favorable condi-
tions for diverse microbial communities. Additionally, soil depth emerged as an important
factor influencing community composition, with soil level A exhibiting greater diversity
than deeper soil levels (level B).
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Figure 8. Alpha diversity in different settings. The box plots visualize soil diversity under different
settings: gypsum amendment (Shannon index), tillage methods (Shannon index), and soil levels
(Chao index). Panels (a—c) represent bacterial community diversity, while panels (d—f) represent
fungal community diversity in the soil samples. Asterisks indicate significant differences, with

*p < 0.05.

3.9. Microbial Community Dynamics Under Different Tillage Practices and Gypsum Application

Figure 9 shows the specific changes in soil microbial communities under different
tillage practices and gypsum application. Reduced tillage significantly altered both bac-
terial and fungal communities, with notable changes in the genera present. For bacteria,
Sneathiella (logy(FC) = —2.12), known for its role in nitrification [103], and Desulfohalo-
tomaculum (logy(FC) = —2.17), a sulfate-reducing genus [104], were more prevalent under
reduced tillage conditions. Similarly, fungal communities showed a trend of increased
genera diversity under reduced tillage, but interestingly, pathogenic bacteria dominated
this group. Specifically, Allophoma (logy(FC) = —3.38) and Allophoma species (Phialemonium
(loga(FC) = —2.64), Neoascochyta (logy(FC) = —2.55), Nothophoma (log,(FC) = —2.53), and
Boeremia (logy(FC) = —2.49)) were significantly more abundant, suggesting a shift toward
more pathogenic fungal genera under reduced tillage.
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Figure 9. Significant changes in genus taxonomic level. In panel (a), the volcano plots illustrate the
significantly different genera between different settings, where those showing changes in reduced
tillage are colored with yellow, those in conventional tillage are colored with purple, those in soils
with gypsum application are marked with red, and those in soils with non-gypsum application are
marked with green. Gray dots represent genera that did not change significantly between settings.
The x axis represents the logarithm of fold change (log,(FC)), which is significant when log, (FC) > 2 or
logy(FC) < —2, while the y axis represents the logarithm of statistical significance (p value) (—logio(p)),
which is significant when log;o(p) > 1.3. In panel (b), the horizontal bar plots represent the highest
absolute fold change changes in each setting.

On the other hand, gypsum application also created favorable conditions for bacteria,
with a significant increase in the presence of Lactococcus (logy(FC) = 2.20), known for its
role in soil fertility and nutrient uptake [105], and Sulfuricaulis (log,(FC) = 2.13), a genus
involved in sulfur oxidation [106]. For fungi, gypsum treatment resulted in the presence of
a mix of both beneficial and pathogenic genera. Notably, Pisolithus (log,(FC) = 3.32) and
Chrysosporium (logp(FC) = 2.03) were observed as beneficial, while Lectera (logy(FC) = 3.15)
and Plectosphaerella (logy(FC) = 2.05) were observed as pathogenic.

4. Discussion

Soil health plays a critical role in ensuring the production of healthy and safe food
while supporting environmental sustainability. Our study analyzed soil parameters across
various depths and identified several key trends influencing soil health and plant growth.
The results indicated that soil level A exhibited the lowest penetration resistance, making it
the least compact and the most favorable for plant development. Penetration resistance is a
key factor in soil physical quality, as it determines how easily roots can access water and
nutrients. Softer soils facilitate water infiltration and aeration, promoting microbial activity
and improving overall soil health. In contrast, deeper soil levels (B and C) displayed sig-
nificantly higher penetration resistance, meaning they were more compacted. Compacted
soils tend to have reduced pore space, which can lead to waterlogging, poor aeration,
and limited biological activity. Similar findings have been reported in previous studies,
which highlight that deeper layers often experience greater compaction due to natural
settling and external pressures such as machinery load and repeated tillage [107]. Although
our study focused on the impact of different tillage methods and gypsum application on
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soil penetration resistance, natural compaction processes may have influenced the results,
particularly at deeper soil levels. We acknowledge this as a limitation and recommend
further research that incorporates long-term monitoring of natural soil changes.

Gypsum application significantly reduced penetration resistance, particularly at soil
level A. The effectiveness of gypsum in improving soil physical properties can be attributed
to its role in enhancing soil aggregation. By providing calcium, gypsum binds soil particles
together, forming stable aggregates that improve soil structure and prevent surface sealing.
This leads to increased water infiltration, reduced crusting, and overall better soil structure.
Our findings align with those of Hamza and Anderson [108], who demonstrated that
gypsum application improves soil structure, particularly in sandy clay loam soils, by
increasing aggregate stability and preventing hard-setting. Additionally, gypsum has
been widely used to mitigate the negative effects of sodium in saline soils by enhancing
flocculation, reducing dispersion, and improving overall soil permeability.

The tillage method also played a critical role in penetration resistance. Among the
tested approaches, M3 and M6 (both reduced tillage systems) maintained the lowest
penetration resistance, indicating that they preserved the soil structure more effectively
than conventional tillage. In addition to the impact of tillage methods on penetration
resistance, plant roots themselves play a significant role in modifying soil compaction.
Roots have been shown to adapt to compacted environments by growing longer root
hairs and thicker roots to maximize resource acquisition and provide mechanical support
for penetration into compacted soils [109]. These adaptive strategies help roots navigate
through compacted soils, contributing to the breakdown of compacted layers. Furthermore,
roots can modify the soil structure over time by releasing mucilage and water, which can
increase soil porosity and facilitate water infiltration, making soil less compact and more
conducive to root growth [110,111]. This process is particularly significant in reduced
tillage systems, where the preservation of soil structure allows roots to penetrate more
effectively, further enhancing the positive effects on penetration resistance.

Reduced tillage improves soil physical conditions by minimizing mechanical distur-
bance, allowing natural aggregation processes to stabilize the soil. This leads to better soil
porosity, improved water retention, and reduced risk of re-compaction. In contrast, M1,
representing conventional tillage, resulted in the highest penetration resistance. This is
likely due to repeated ploughing, which initially loosens the soil but subsequently leads
to the formation of compacted layers as the soil settles. This effect has been widely docu-
mented, with studies showing that ploughing creates a dense subsurface layer that restricts
water movement and gas exchange [112]. Although conventional tillage is often used to
break up compacted soil, its long-term effects can be counter-productive, particularly when
combined with excessive loosening. In settings like M1, where high-intensity tillage was
used, initial improvements in soil penetration resistance may be offset by re-compaction
over time. This occurs because excessive disturbance disrupts aggregate stability, leading to
finer soil particles that are more prone to compaction. In contrast, reduced tillage methods
such as M3 help maintain the soil structure by preserving organic matter and promoting
natural aggregation. These findings align with research demonstrating that reduced tillage
systems provide long-term improvements in soil physical properties by enhancing soil
stability, moisture retention, and biological activity [113]. While M3 was the most effec-
tive method for penetration, there were significant differences in how bacteria and fungi
responded to the applied soil treatments. M1 promoted the presence of specific bacterial
taxa, whereas M3 was more favorable for fungi. Our results align with Pingel et al. [114],
who demonstrated that soil disturbance increases bacterial diversity but suppresses fungal
diversity. Similarly, Casazza et al. [115] highlighted that soil disturbance reduces fungal
presence, though some disturbance-tolerant taxa may persist. This decline occurs because
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higher levels of soil disturbance disrupt the symbiotic relationships between fungi and
plant roots, effectively cutting off their carbon supply [116].

M3, however, was shown to create an environment that favored microbial communities
responsible for key ecosystem functions, including bioremediation, plant growth promotion,
and nutrient cycling. By preserving microbial habitats and organic matter, reduced tillage
sustains microbial activity, while gypsum application further enhances these effects by
improving soil chemistry and moisture retention. Our results demonstrate that beneficial
microbial genera associated with bioremediation, phytohormone production, and plant
growth promotion were significantly more abundant at soil level A. This enrichment is
primarily linked to higher organic matter content, improved aeration, and root exudates, all
of which are preserved under reduced tillage. These conditions create microenvironments
that enhance microbial interactions and nutrient mobilization, supporting long-term soil
health and crop productivity. Previous studies have similarly highlighted the role of
rhizosphere bacteria in promoting plant resilience and biocontrol [117]. Additionally, the
vertical distribution of organic carbon and nitrogen has been shown to influence microbial
activity [118], further supporting our findings that soil level A provides optimal conditions
for functionally beneficial microbes. In contrast, the deeper soil level (B) exhibited a
higher prevalence of specific functional genera adapted to nutrient-limited conditions.
Siderophore-producing genera were particularly abundant in this layer, likely due to
the lower iron availability caused by the high pH and elevated CaCOs3; content. These
microorganisms play a crucial role in iron solubilization and uptake, supporting plant
and microbial metabolism under iron-limiting conditions [119]. Additionally, genera
associated with antibiotic and antimicrobial production were more prominent at soil level
B, a pattern that aligns with findings from studies on microbial competition in oligotrophic
environments [120]. The lower availability of organic matter and microbial diversity at
deeper levels likely exert selective pressure, favoring microbes that produce antimicrobial
compounds to outcompete others.

The impact of gypsum application further underscores its role in enhancing microbial
functions beyond its known effects on soil structure and moisture retention. Our results
indicate a notable increase in functional groups involved in bioremediation, cellulose degra-
dation, and plant growth in gypsum-treated soils. These findings align with previous
studies demonstrating that gypsum application improves microbial-mediated nutrient
cycling, enhances soil porosity, and mitigates salinity stress [121]. Furthermore, gypsum’s
contribution to soil calcium and sulfur availability has been linked to increased popula-
tions of plant growth-promoting bacteria, facilitating nutrient uptake and improving crop
performance [122].

Gypsum amendment significantly contributed to a more balanced chemical profile in
the soil, particularly in terms of sodium (Na*) and calcium (Ca2*) levels. This improvement
can be attributed to the composition of gypsum (CaSO4-2H,0), which helps neutralize soil
by enhancing calcium, magnesium, and sulfur levels. Specifically, gypsum promotes the
exchange of sodium ions (Na*) for calcium ions (Ca®*), thereby improving the soil’s ion
balance and increasing the ratio of Ca?* to Na*, which is essential for soil health [25]. These
findings are consistent with other studies that demonstrate the positive effects of gypsum
on soil density, water infiltration, nutrient availability, and overall soil health [25,123].
Gypsum has long been recognized for its ability to improve soil structure, enhance water
movement, and promote better nutrient absorption. These benefits collectively contribute
to the long-term vitality and productivity of the soil [123,124]. Additionally, the application
of gypsum has been shown to lower the soil pH, as noted by Khan et al. [125], which further
contributes to enhanced soil quality by reducing soil acidity and improving the availability
of essential nutrients. Although previous studies suggest that gypsum can have a more
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pronounced effect on deeper soil levels over time [126], our results did not show significant
changes in these deeper levels. This can likely be attributed to the fact that the impact
of gypsum is most noticeable in the surface layers initially, and its effects on deeper soil
profiles may take longer to manifest. The results of this study demonstrate that gypsum
application significantly improves soil chemical parameters and structure, particularly in
the short term. However, the positive effects of gypsum diminish over time as it leaches
away, which may require regular reapplication to sustain these improvements. To ensure
long-term benefits, high application rates, along with adequate rainfall or irrigation, are
necessary for effective salt leaching, making gypsum a slow-acting but more sustainable
solution to soil salinity. Long-term studies have shown that even after 16 years, gypsum
continued to enhance subsoil chemical properties and crop yields [127]. Its application
increases exchangeable calcium at deeper soil levels while reducing sodium levels, though
sodium leaching may be lower than expected, highlighting the need for accurate appli-
cation models and potential reapplications to sustain soil improvements [126]. Despite
these findings, further research is required to determine whether the benefits of gypsum
application will persist across multiple growing seasons or if periodic reapplication will
be necessary to maintain soil health and agricultural productivity. Furthermore, while
gypsum improves soil structure and salinity, its application can lead to environmental
concerns. The leaching of sulfate and other ions can elevate sulfate concentrations in
groundwater, potentially impacting water quality and human and animal health [128].
Additionally, gypsum can displace nutrients like potassium, leading to levels that exceed
recommended guidelines [129]. Additionally, it has been observed that the application
of gypsum led to an increase in the soluble concentrations of cadmium, manganese, and
lead in the soil [130]. In terms of the microbiome, bacteria were more significantly im-
pacted by changes in soil chemical composition than fungi. Beneficial bacterial species
like Gaiella occulta, Ideonella dechloratans, Peribacillus frigoritolerans, and Skermanella aerolata
responded strongly to changes in pH, soluble salts, and calcium concentrations, thriving
in nutrient-rich, low-salinity environments. Skermanella aerolata, linked to nitrogen fixa-
tion [131], showed positive responses to nutrient availability, indicating its preference for
well-balanced soil chemistry. This suggests that bacteria are more sensitive to soil chemical
composition, aligning with findings that show their abundance in stable, nutrient-rich
environments [132,133]. In contrast, fungi were less responsive to soil chemical changes,
likely due to their inherent stability and resilience to environmental fluctuations [134].
Fungal species are more tolerant of pH and salinity variations than bacteria, supporting
their greater resilience to environmental stressors [133,135,136]. However, pathogenic fungi
like Alternaria prunicola, Fusarium citricola, Fusarium foetens, and Fusarium nygamai were
significantly affected by changes in soil chemistry, particularly pH, soluble salts, CaCOs3,
exchangeable Na, and easily soluble Na. This highlights that while beneficial bacteria thrive
in balanced chemical conditions, soil chemistry can also favor pathogenic fungi, stressing
the need for careful soil management to maintain a healthy microbial environment and
reduce pathogen risks.

Our results indicated that reduced tillage enhanced soil biodiversity by minimizing
soil disturbance, thus providing a more stable environment for microbial communities. This
finding aligns with previous studies that showed that adopting reduced tillage or no-till
practices promoted higher abundance, biomass, and species diversity, which contribute to
improved soil structure and organic matter decomposition [137,138]. By reducing physical
disruption, reduced tillage fostered a healthier and more diverse soil ecosystem while
maintaining soil integrity over time. Gypsum application significantly influenced soil
microbial communities by modifying soil chemistry and structure, which created a more
favorable environment for microbial activity. By altering the levels of key ions, such
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as calcium and sodium, gypsum helped balance soil properties, reduced salinity stress,
and improved soil fertility. Our findings are consistent with other research indicating
that gypsum positively affected the fungal taxa, particularly increasing the abundance of
arbuscular mycorrhizal fungi, which play a crucial role in soil reclamation, plant growth,
and ecosystem resilience [139,140]. Additionally, microbial diversity was significantly
higher at soil level A, where nutrient availability, oxygen levels, and organic matter content
were greater, supporting a more dynamic and diverse microbial community [141]. This
confirms previous studies that demonstrated surface soils, enriched with organic inputs
and aeration, harbor more diverse and functionally active microbial populations. Our
results also suggested that reduced tillage promoted the presence of specific microbial
genera, enhancing the abundance of beneficial bacterial genera. However, its effect on
fungi seemed to be the opposite. This could be attributed to minimal soil disturbance and
increased organic matter retention under reduced tillage, which may have created favorable
conditions for fungal growth. Similar studies showed that reduced tillage favored Fusarium
spp., including pathogenic species like Fusarium avenaceum, a known cause of Fusarium
Head Blight in cereals [142]. Moreover, reduced tillage was linked to increased weed
infestations, which were associated with a rise in pathogenic fungal communities [143].

5. Conclusions

In conclusion, this study showed that the combination of gypsum amendment and
reduced tillage significantly enhanced soil health and microbial dynamics, particularly at
the top soil level. Gypsum not only improved soil penetration rates and balanced nutrient
levels but also mitigated salinity, contributing to better overall soil functionality. Notably,
the treatments led to an increase in fungal diversity, though bacterial diversity remained
unchanged. Strong correlations between microbial communities and soil chemical pa-
rameters underscore the critical role of these interactions in supporting soil productivity.
Reduced tillage, coupled with gypsum, also promoted functional soil activities such as
nutrient mobilization, antibiotic production, and plant growth stimulation, thus fostering
greater soil resilience and sustainability. Moving forward, additional research is needed
to explore the long-term effects of these practices on various soil conditions, microbial
dynamics, and the underlying mechanisms driving these changes, in order to fully un-
derstand their potential for sustainable agriculture. Although environmental factors such
as temperature, rainfall, and irrigation were not explicitly controlled in this study, they
play a crucial role in influencing soil behavior. The primary focus here was to isolate the
impact of tillage and gypsum on soil properties, but future studies could benefit from
incorporating these environmental variables to assess their influence more accurately on
the treatment outcomes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/agriculture15060658 /s1: Table S1: Nine key ecosystem services associated
with soil microbiomes, including: improved soil aggregate formation, production of antimicrobial
agents, siderophore production, cellulose degradation, production of antibiotics, bioremediation,
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