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Editorial

Innovations and Obstacles: Microbial Communities in the
Journey of Soil Remediation—Editorial for Closing Special Issue

Dong Liu

Yunnan Key Laboratory for Fungal Diversity and Green Development & Yunnan International Joint Laboratory of
Fungal Sustainable Utilization in South and Southeast Asia, The Germplasm Bank of Wild Species, Kunming
Institute of Botany, Chinese Academy of Sciences, Kunming 650201, China; liudongc@mail.kib.ac.cn

1. Introduction

The global imperative to transition towards sustainable agricultural practices has
never been more pressing. As the world grapples with the dual challenges of ensuring
food security and maintaining environmental integrity, agricultural soils have emerged as
both a critical resource and a vulnerable ecosystem under threat. The excessive reliance on
chemical inputs, improper application of pesticides, and intensive farming practices have
collectively imposed unprecedented stresses on soil microbiomes, disrupting the delicate
balance of microorganism-mediated carbon, nitrogen, and phosphorus cycles that underpin
soil health and fertility.

This Special Issue, “Innovations and Obstacles: Microbial Communities in the Journey
of Soil Remediation,” was conceived to address these pressing challenges by exploring
the multifaceted role of microbial communities in soil remediation processes. The central
premise underlying this collection is the recognition that sustainable soil management
must transcend traditional approaches focused solely on chemical amendments or physical
interventions. Instead, we must embrace a more holistic paradigm that leverages the
inherent potential of soil microbiomes to restore, maintain, and enhance soil health.

The contributions assembled in this issue reflect the diverse and dynamic nature of
current research in soil microbiome engineering and application. From fundamental inves-
tigations into microbial community dynamics to applied studies demonstrating practical
remediation strategies, the articles presented here collectively advance our understanding
of how beneficial microorganisms can be harnessed to accelerate soil nutrient recovery,
enhance disease resistance, and ultimately promote sustainable agricultural productivity.

2. Overview of Published Articles

This Special Issue comprises fourteen peer-reviewed articles that collectively represent
the state of the art in soil remediation research through microbial interventions. The
contributions span a broad spectrum of topics, methodologies, and geographical contexts,
reflecting the global relevance and urgency of soil health restoration.

Several articles focus on the characterization and application of specific beneficial
microbial strains. These studies demonstrate how targeted inoculation with carefully
selected microorganisms can significantly enhance soil fertility, improve nutrient cycling,
and promote plant growth under various stress conditions. The research encompasses both
laboratory-based mechanistic studies and field-scale validation experiments, providing
robust evidence for the efficacy of microbial-based remediation approaches.

A notable subset of contributions addresses the challenges associated with microbial
community establishment and persistence in disturbed soils. These investigations reveal
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the complex interactions between introduced beneficial microorganisms and indigenous
soil communities, highlighting both the opportunities and obstacles in achieving successful
microbial colonization and long-term establishment. The studies employ advanced molecu-
lar techniques to track microbial dynamics and identify key factors influencing community
stability and functionality.

Technological innovations in microbial preservation, formulation, and delivery sys-
tems constitute another important theme within this collection. Several articles present
novel approaches for maintaining microbial viability during storage and application, in-
cluding advanced encapsulation technologies, carrier material optimization, and delivery
system design. These technological advances are crucial for translating laboratory discov-
eries into practical field applications.

The issue also includes comprehensive reviews that synthesize current knowledge
on specific aspects of soil microbial remediation. These review articles provide valuable
perspectives on emerging trends, identify knowledge gaps, and propose future research
directions. They serve as essential resources for researchers entering the field and practi-
tioners seeking to implement microbial-based soil remediation strategies.

Geographically, the contributions span diverse agroecological zones, from temperate
agricultural regions to tropical farming systems, reflecting the universal applicability
of microbial-based soil remediation approaches. This global perspective is particularly
valuable as it demonstrates how local environmental conditions, farming practices, and
soil characteristics influence the success of microbial interventions.

Methodologically, the collection showcases a diverse array of approaches, from
traditional microbiological techniques to cutting-edge molecular biology tools, includ-
ing high-throughput sequencing, metagenomics, and advanced bioinformatics analyses.
This methodological diversity reflects the interdisciplinary nature of soil remediation re-
search and the integration of multiple scientific disciplines in addressing complex soil
health challenges.

3. Conclusions

The completion of this Special Issue marks an important milestone in our collec-
tive journey toward understanding and harnessing the power of microbial communi-
ties for soil remediation. The fourteen contributions presented here collectively demon-
strate both the tremendous potential and the inherent complexities of microbial-based soil
restoration approaches.

Several key insights emerge from this collection. First, the studies consistently affirm
that beneficial microorganisms represent powerful tools for soil remediation, capable of
significantly improving soil health, nutrient availability, and plant productivity. However,
the success of microbial interventions is highly context-dependent, influenced by factors
ranging from soil physicochemical properties to local climatic conditions and agricultural
management practices.

Second, the research highlights the critical importance of understanding microbial
community dynamics in achieving successful soil remediation. The interactions between
introduced beneficial microorganisms and indigenous soil communities are complex and
often unpredictable, necessitating a more nuanced approach to microbial application
strategies. The studies suggest that future efforts should focus on developing microbial
consortia rather than relying on single-strain inoculants, as this approach may better mimic
natural microbial interactions and enhance resilience.

Third, technological innovations in microbial preservation, formulation, and delivery
are essential for the practical implementation of microbial-based soil remediation strategies.
The advances presented in this issue represent significant progress toward overcoming
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key bottlenecks in the translation of laboratory discoveries to field applications. However,
continued research is needed to develop cost-effective, scalable, and environmentally
sustainable delivery systems.

Perhaps most importantly, this Special Issue underscores the need for continued
interdisciplinary collaboration in addressing soil health challenges. The complexity of soil
ecosystems demands integrated approaches that combine expertise from microbiology,
soil science, agronomy, environmental engineering, and other disciplines. The success of
microbial-based soil remediation will ultimately depend on our ability to develop holistic
strategies that consider not only the biological components but also the physical, chemical,
and socioeconomic factors that influence soil management decisions.

As we close this Special Issue, we hope that the research presented here will inspire
continued innovation and collaboration in the field of soil remediation. The challenges we
face in restoring and maintaining soil health are formidable, but the potential benefits—
enhanced food security, improved environmental quality, and sustainable agricultural
productivity—justify our continued efforts. We encourage readers to build upon the
foundations laid by these contributions and to push the boundaries of our knowledge even
further. The journey toward sustainable soil management through microbial interventions
is far from complete, but the path forward is now clearer thanks to the dedicated work of
the researchers whose contributions grace this collection. We express our sincere gratitude
to all authors who contributed their outstanding research to this Special Issue, to the
reviewers who provided invaluable feedback and ensured the high quality of the published
works, and to the editorial team at MDPI for their professional support throughout this
endeavor. It is our hope that this collection will serve as a valuable resource for the scientific
community and contribute meaningfully to the global effort to achieve sustainable soil
management and food security.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract

Zinc (Zn) is often of deficient in paddy soils, and optimizing its application is crucial for
improving maize productivity in intensive rice–maize cropping systems. This study aimed
to develop practical Zn fertilizer strategies suitable for paddy soils with varying pH levels,
thereby improving nutrient management and understanding of soil microbial responses.
Field experiments were conducted during the 2020–2021 dry seasons at three sites: Chon
Daen (pH 5.8), Noen Maprang (pH 6.7), and Lom Sak (pH 7.8). A two-factorial randomized
complete block design with four replications was used, including four ZnSO4·H2O rates (0, 1.5,
3, and 6 times the DTPA-extractable Zn in soil) and two hybrid maize varieties, Suwan 5731
and Suwan 5819. Results showed that at Chon Daen, Zn application significantly enhanced
shoot Zn uptake and soil Zn concentration, with SW5819 exhibiting greater Zn efficiency and
biomass production. At Noen Maprang, Zn application did not significantly affect dry matter,
while, at Lom Sak, Zn responses were moderate, though SW5819 maintained better growth
and Zn uptake. Across sites, maize Zn efficiency was highest under acidic conditions and in
SW5819. Soil microbial communities remained largely unaffected by Zn fertilization and were
primarily influenced by soil pH, with Proteobacteria, Crenarchaeota, and Ascomycota dominating
bacterial, archaeal, and fungal groups, respectively. These findings support the feasibility of
Zn fertilization strategies to enhance both crop productivity and nutritional quality without
altering the microbial community composition.

Keywords: maize; soil pH; soil Zn fertilizer; Zn accumulation; soil microbial community

1. Introduction

Zinc is a micronutrient for many plant enzymes and proteins. It plays an important role
in a wide range of processes, such as growth hormone production, seedling development,
photosynthesis, and reproduction [1,2]. Zinc is transported via symplast pathways through
a complex interaction of various mechanisms. Zinc is transported through the xylem to

Agronomy 2026, 16, 78 https://doi.org/10.3390/agronomy16010078
5



Agronomy 2026, 16, 78

the phloem and is then remobilized from older to younger leaves [3]. Soil Zn fertilization
facilitates Zn transport from roots to above-ground tissues and its redistribution to grains.
This process enhances plant growth, increases yield, and promotes the biofortification of crops
for better dietary nutrition [4]. Soil Zn deficiency occurs because Zn is poorly distributed
and poorly soluble in soil solutions, resulting in widespread Zn deficiency in both crops and
humans. The global Zn deficiency index indicates tropical regions still have widespread Zn
deficiency in humans and soils, affecting crop yields and nutrient quality [1,4,5]. However, Zn
solubility in soil solution depends on pH; in acidic soils, high Zn solubility often results from
easy desorption and exchange processes on reactive soil mineral surfaces [6,7]. Meanwhile,
increasing soil pH will decrease Zn solubility. The cause of high soil pH (>7) is due to a
high content of CaCO3 of pedogenic origin [6]. The quantified Zn concentration (DTPA-Zn
extractable) with different solubility in 150 paddy soils was measured, with soil pH ranging
from ultra-acidic to slightly alkaline. The median values for acid soil and neutral soil were 2.0
and 0.95 mg/kg, respectively. Meanwhile, the median Zn concentration across all samples
was 1.5 mg/kg [7], which is the reported critical soil level of Zn [6].

Maize (Zea mays L.) is highly sensitive to Zn deficiency, which occurs when Zn levels in
maize leaves are less than 15 mg/kg [8]. Maize requires about 500 mg/ha of Zn to achieve
a grain yield of 12 t/ha [9]. Maize yield is particularly influenced by Zn availability during
key growth stages. Zinc translocation from root to shoot after uptake is influenced by many
factors, and Zn accumulation in the grain depends on both remobilization from shoots and
continued uptake during grain filling [10,11]. Moderate Zn application rates have been
shown to improve biomass accumulation, crop growth rate (CGR), and pollen viability,
which in turn increase kernel number and weight—particularly in apical (inferior) kernels
that are often poorly filled under Zn deficiency [12–14]. Lui et al. [15] reported that the
response level was highly correlated with the amount of Zn added to the soil. The optimum
soil Zn concentration for attaining high yields was 4.7 mg/kg, and the Zn application
rate was 50 kg Zn/ha, which also improved yields [15]. In Thailand, a report of Zn
application in high-pH or calcareous soils was noted. Maize responded positively to rates
of Zn application between 2 and 4 mg/kg of soil to increase Zn uptake in corn and grain
yield [16], while in the field under high soil pH (pH 7.8), a moderate Zn rate (5–10 kg Zn/ha)
optimized maize performance, grain Zn uptake, and soil Zn availability [13]. However, for
soil Zn fertilizer management in maize production on paddy soil, it is important to consider
the long-term effects of Zn fertilizer application. After 9 years of Zn fertilizer application,
the bacterial communities in Zn-treated soils were distinct from those in untreated soils.
In the soil, the four most abundant phyla were Actinobacteria, Proteobacteria, Acidobacteria,
and Chloroflexi. The environmental factor, soil Zn concentration, and total Zn concentration
were significantly correlated with bacterial community composition [17]. Additionally,
an increase in soil Zn concentration can alter the functional gene structure of microbial
communities and the abundance of specific gene families, with a threshold in gene family
abundance between 5 and 10 kg Zn/ha across the analyzed Zn concentrations [18].

Maize is the most significant crop grown in Thailand. Domestic maize production
increased from 1.33 million tons in 2023 to 2.01 million tons in 2024 [19], but it still does
not meet the rising local demand, leading to grain imports. Climate variability and pest
infestations, such as the fall armyworm, have negatively impacted maize yields [19]. The
planted area allocated mainly to maize is 75.5% in the early rainy season, 15.0% in the
late rainy season, and only 9.5% in the dry season, which affects grain yield distribution,
whereas demand is almost uniformly distributed year-round. Therefore, the Thai government
proposed new planting-area ratios for maize: 30% in the early rainy season, 20% in the late
rainy season, and 50% in the dry season. This ratio will increase the maize planting area during
the dry season from 5% to 50% by converting a rice-rice cropping sequence to a rice–maize
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sequence in paddy areas. The rice–maize cropping system is the most important emerging
system, capable of producing yields similar to those of water-saving relative systems [20].

Despite considerable research on Zn fertilizer management in maize production, there
remains a limited understanding of how Zn fertilization performs across different soil
pH levels in flooded or rice-based cropping systems. Such soils may exhibit distinct
chemical conditions that influence Zn availability and plant uptake differently from those
in typical upland systems. These uncertainties highlight the need for further investigation
to inform fertilizer strategies suited to similar transitional agroecosystems. To address this
gap, the present study aimed to evaluate the effects of varying Zn application rates on the
dry matter accumulation, Zn uptake, and grain yield responses of hybrid maize grown in
different pH paddy soils and to provide information on the impact of agricultural practices
related to Zn fertilizer management on soil microbial communities.

2. Materials and Methods

2.1. Sites Description

The three-field experiment was conducted in the dry season after rice cultivation from
December 2020 to April 2021. The study sites were located in Chon Daen (CD) and Lom
Sak (LS), Phetchabun province, and Noen Maprang (NM), Phitsanulok province, Thailand,
where a rice–maize rotation system has been maintained consistently for a period exceeding
five years: rice is cultivated during the rainy season, and maize during the dry season.
Prior to maize planting, rice residues are incorporated into the soil following harvest
plowing [13]. Meteorological data, including mean temperature and total precipitation,
were recorded throughout the experimental period using a weather station installed at each
of the three field sites (Table 1 and Figure S1).

Table 1. Geographical and climatic characteristics in the three study sites.

Characteristics
Sites

Chon Daen Noen Maprang Lom Sak

Geographic
Latitude (◦N) 16◦12′28.0′ ′ 16◦26′10.2′ ′ 16◦45′00.4′ ′

Longitude (◦E) 100◦51′17.4′ ′ 100◦41′12.7′ ′ 101◦10′17.9′ ′

Climatic
Mean temperature (◦C) 28.4 28.8 27.6

Total precipitation (mm) 243.2 128.7 272.2

Bulk soil samples were collected at 0–20 cm depth from the plot area before the
experiment and analyzed for soil texture and chemical properties (Table 2).

Table 2. Soil characteristics information of soil texture, soil organic matter, soil pH, available phos-
phorus, exchangeable potassium, and extractable Zn for each experimental site.

Characteristics
Experimental Sites

Chon Daen Noen Maprang Lom Sak

Soil type clay clay loam clay
Sand (%) 30 42 34
Silt (%) 26 28 24
Clay (%) 44 30 42
pH (1:1) 5.8 6.7 7.8
Soil organic matter (%) 0.35 0.91 1.63
Available phosphorus (mg/kg) 1.50 20.75 26.84
Exchangeable potassium (mg/kg) 27.50 62.18 60.45
DTPA-Zn (mg/kg) 0.55 0.87 0.53

Note: DTPA-Zn, diethylenetriaminepentaacetic acid-extractable zinc.
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2.2. Experimental Management and Design

The experimental field was laid out in a 4 × 2 factorial in a randomized complete
block design (RCBD) with four replications. Zinc fertilizer was applied in the form of
Zn sulfate monohydrate (ZnSO4·H2O), containing 36% elemental Zn. These application
rates correspond to 0, 1.5, 3, and 6 times the baseline soil Zn concentration (0.55, 0.87, and
0.53 mg/kg in CD, NM, and LS, respectively), calculated to represent a gradient of Zn
availability relative to the existing soil Zn status. The four rates equivalent to 0, 5, 10, and
20.6 kg Zn/ha per crop season in CD and LS, and 0, 8.8, 16.8, and 33.8 kg Zn/ha in NM.
Zn fertilizer was applied at the V6 stage by banding to the soil surface at all experimental
sites. Two varieties were selected: Suwan 5731 (SW 5731) and Suwan 5819 (SW 5819),
new hybrid maize varieties recently developed and introduced by the National Corn and
Sorghum Research Center, Thailand. The experiment plot size was 28 m2 (5.6 m × 5.0 m)
with eight rows per plot. The seeds of each maize variety were sown using a manual
planting machine, with two seeds per hill in eight rows per plot and thinned at two weeks
after planting (WAP) to maintain one plant per hill. The density was 71,500 plants/ha, with
a row spacing of 0.7 m and a plant spacing of 0.2 m. The N-P-K fertilizer was applied as
follows, based on soil chemical analysis recommended by the Department of Agriculture,
Thailand [21]. All plots were applied as follows: 125 kg N/ha (as urea), 65 kg P2O5/ha (as
diammonium phosphate), and 65 kg K2O/ha (as potassium chloride) in CD, 125 kg N/ha,
35 kg P2O5/ha, and 65 kg K2O/ha in NM, and 105 kg N/ha, 35 kg P2O5/ha, and 65 kg
K2O/ha in LS (Table S1). All field operations included immediate sprinkler irrigation
after sowing, which was maintained weekly until maturity. Herbicide control at 21 WAP
involved the use of Acetochlor and Atrazine. Emamectin benzoate and Spinetoram were
applied to control fall armyworm outbreaks detected at 30 (V6), 40 (V10), and 63 (VT) days
after planting [13].

2.3. Plant Sampling and Measuring

At the milking (R3) stage, leaves, stalks, and ear samples were collected, prepared, and
analyzed for plant dry weight as described by Khongchiu et al. [13]. Plant samples were
ground with a stainless-steel grinder. The 0.2 g of sample was digested with HNO3-HClO4

(2:1), and the solution was heated at 200 ◦C until dense white fumes appeared. The mixture
was allowed to cool, and deionized water was added to bring the volume to 25 mL. The Zn
concentration was determined by an atomic absorption spectrometer (iCE 3000; Thermo
Scientific, Waltham, MA, USA). All results are expressed on a dry weight basis. The formula
for Zn uptake was calculated as the content per area following Liu et al. [22].

2.4. Soil Sampling and Measuring

Soil samples were kept in all treatments at the milking (R3) stage of maize growth.
Soil samples were air-dried and crushed to pass a 0.5 mm sieve. Soil pH was measured
using a pH meter with a soil-to-water ratio of 1:1. Soil Zn concentration was determined
by end-to-end shaking (180 rpm) for 2 h of 5 g of soil with 20 mL of 0.005 mol/L DTPA
(diethylene triamine pentacetic acid), 0.01 mol/L and 0.1 mol/L TEA (tri-ethanol amine)
buffered at pH 7.0 [23]. Zn concentrations in the extractants were determined by an atomic
absorption spectrometer (iCE 3500; Thermo Scientific, USA). For soil microbial community
analysis, the fresh soil samples were separately collected, sieved (<2 mm), transported to
the laboratory in an ice box, and stored at −20 ◦C until use.

2.5. DNA Extraction, PCR Amplification, and Sequencing

Total DNA extraction was performed using a FastDNA SPIN Kit (MP Biomedicals,
Cleveland, OH) from 0.5 g fresh soil following the manufacturer’s instructions. Extracted

https://doi.org/10.3390/agronomy16010078
8



Agronomy 2026, 16, 78

DNA was quantified using a PicoGreen dsDNA assay kit (Invitrogen, Thermo Scientific,
Waltham, MA, USA) and Fluoroskan™ Microplate Fluorometer (Thermo Scientific, USA).
The primer pairs 515F (5′-TGC TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GTG
CCA GCM GCC GCG GTA A-3′) and 806R (5′-GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GGG ACT ACH VGG GTW TCT AAT-3′) were used to amplify the V3-V4
region of the 16s rRNA gene. PCR conditions were 94 ◦C for 2 min, followed by 28 cycles
of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s, with final extension at 72 ◦C for 5 min.

The fungal primer pairs gITS7 5′-GTGAATCATCGAATCTTTG-3′ and ITS4 5′-
TCCTCCGCTTATTGATATGC-3′ were used to amplify the ITS2 region. The PCR conditions
were 94 ◦C for 4 min, followed by 30 cycles of 94 ◦C for 1 min 58 ◦C for 1 min, and 72 ◦C for
1 min, with final extension at 72 ◦C for 7 min. The PCR products were purified using AmPure
XP bead (Beckman coulter, Brea, CA, USA) and quantified using a PicoGreen dsDNA assay Kit
(Invitrogen). Dual indexed using the Nextera XT Index Kit v2 (Illumina, San Diego, CA, USA)
according to the manufacturer’s instructions. Indexed amplicons were again purified using
magnetic beads and quantified using a PicoGreen dsDNA Quantification Kit (Invitrogen).
Samples were pooled in equal concentrations and sequenced on an Illumina MiSeq reagent
Kit v3 (600 cycles, Illumina) according to the manufacturer’s instructions.

2.6. Statistical Analysis

The data were analyzed to Analysis of variance (ANOVA) of the measured parameters
using STAR (Statistical Tool for Agricultural Research) software, version 2.0.1 [24]. The least
significant difference (LSD) test was used to test the significant differences between treat-
ments. The sequencing was conducted using an Illumina MiSeq platform and sequences
were submitted to the NCBI database under the accession numbers PRJNA1371364 for
bacteria and archaea and PRJNA1371415 for fungi. Paired-end raw sequencing reads were
processed using QIIME 2 (version 2024.10) according to best-practice workflows. Denoising
and amplicon sequence variant (ASV) inference were performed with the DADA2 plugin.
ASVs were taxonomically classified using a naïve Bayes classifier trained on the relevant
regions of reference databases: the SILVA database release 138 for the 16S rRNA gene and
the UNITE database version 10 for the fungal ITS region. Non-target ASVs and singletons
were filtered prior to downstream analysis. Microbial community composition and alpha-
and beta-diversity metrics were calculated using standard QIIME 2 plugins. The sequence
data were compared using R software (version 4.1.3). Alpha-diversity was evaluated using
several major indices, including Chao1 and Shannon, and the indices were compared
using a t-test. The beta-diversity was assessed by the non-metric multidimensional scaling
(NMDS) based on the Bray–Curtis algorithm to analyze overall structural changes in the
microbial communities. The relative abundance values of bacteria, archaea, and fungal
taxa at phylum levels are more than 0.1% and at class levels are more than 1%. Spearman’s
correlations were conducted between major microbial genera, maize growth parameters,
and soil chemical properties to identify relationships with environmental variables, with
significance set at p < 0.05.

3. Results

3.1. Dry Matter Accumulation and Shoot Zn Uptake at the Milking (R3) Stage

Dry matter accumulation at the R3 stage, under the interaction between Zn application
rates and maize varieties in 2020, is presented in Figure 1. At the Chon Daen site, the
interaction between Zn application rate and maize variety significantly affected leaf dry
matter. In contrast, stalk and ear dry matter did not show significant differences (Figure 1A).
Leaf dry matter of SW 5819 was significantly higher under Zn application rates of 5 and 10 kg
Zn/ha compared with SW 5731 at 5 and 20.6 kg Zn/ha and the control (no Zn application),
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representing a 21–25% increase relative to SW 5731 under those treatments. Stalk dry matter
constituted the largest portion of total biomass, followed by ear and leaf dry matter. Stalk dry
matter ranged from approximately 7.5 to 9.2 t/ha, while ear dry matter varied from 6.3 to
7.6 t/ha with no significant differences among treatments. Total dry matter accumulation at
the R3 stage ranged between approximately 17.7 and 19.5 t/ha across Zn application rates
and maize varieties (Figure 1A). The main effect (Figure 2A) confirmed this varietal difference,
with SW 5819 showing significantly greater leaf dry matter accumulation. Increasing Zn rates
from 0 to 20.6 kg Zn/ha did not result in significant changes in total dry matter. Overall, these
results suggest that maize dry matter production was more influenced by genetic variation
between varieties than by Zn fertilization levels.

 

Figure 1. Dry matter accumulation in plant parts at the milking (R3) stage as influenced by the
interaction effect of Zn application rates and maize varieties (V1: SW 5731, V2: SW 5819) at Chon
Daen (A), Noen Maprang (B), Lom Sak (C) experimental sites in 2020. Data are mean values ± SE
(n = 4). Different letters above the bars indicate significant differences in Zn application rates and
maize varieties, as determined by the LSD test at p < 0.05.

Figure 2. Dry matter accumulation in plant parts at the milking (R3) stage as influenced by the main
effect of Zn application rates and maize varieties at Chon Daen (A), Noen Maprang (B), and Lom Sak
(C) experimental sites in 2020. Data are mean values ± SE (n = 4). Different letters above the bars
indicate significant differences in Zn application rates and maize varieties, as determined by the LSD
test at p < 0.05.

At Noen Maprang, the dry matter in different plant parts showed no significant inter-
action effect between Zn application rates and maize varieties (Figure 1B). Stalk dry matter
ranged between 7.5 and 8.8 t/ha, leaf dry matter between 2.5 and 3.1 t/ha, and ear dry
matter between 3.8 and 5.9 t/ha. The proportions of dry matter among plant parts remained
consistent across all Zn application rates and maize varieties, suggesting that Zn supply under
the prevailing soil conditions did not notably affect dry matter production or distribution in
maize. Total dry matter at the R3 stage ranged from 14.6 to 16.0 t/ha. Zn application rates and
maize varieties had no significant effect on partitioned dry matter (Figure 2B). While the leaf
dry matter of variety SW5819 showed a slightly significantly higher dry matter compared with
SW5731. These findings indicate that under the environmental and soil conditions at Noen
Maprang, Zn application had minimal impact on dry matter accumulation and distribution,
and maize growth was largely stable across treatments.

At Lom Sak, a significant Zn application rate × variety interaction was detected for leaf
dry matter (p < 0.05; Figure 1C). Consequently, Zn effects were examined within each variety.
SW5819 supplied with 5 kg Zn/ha produced significantly higher leaf dry matter (5.3 t/ha)
than SW5731 at all Zn application rates, whereas leaf dry matter within SW5819 did not differ
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significantly among Zn treatments. Stalk dry matter ranged from 8.5 to 10.9 t/ha and ear dry
matter from 7.5 to 9.3 t/ha. Compared with the control, ear dry matter increased by 7.8–20.8%
with Zn application; however, at 20.6 kg Zn/ha, ear dry matter declined by 10.4% in SW5731
and 3.8% in SW5819. Total dry matter accumulation ranged from 19.8 to 24.6 t/ha. The main
effect analysis confirmed that SW5819 accumulated significantly more total dry matter than
SW5731, primarily due to greater leaf and stalk biomass, while Zn application rate had no
significant main effect on total dry matter (Figure 2C).

Shoot Zn uptake at the R3 stage varied among sites and was significantly influenced
by Zn application rates, varieties, and their interactions (Figures 3 and 4). At Chon Daen, a
significant Zn application rate × variety interaction was observed (Figure 3A). The highest
Zn uptake was recorded in SW5819 at 20.6 kg Zn/ha (approximately 481.7 g/ha) and SW
5819 at 5 kg Zn/ha (approximately 437.4 g/ha), while those without Zn application show
lower than in all Zn treatments (333.3 and 343.6 g/ha in SW 5731 and SW 5819, respectively).
Consistent with this interaction, the main effect analysis showed that shoot Zn uptake
increased with Zn application rate and was significantly higher in SW5819 than in SW5731
(Figure 4A), indicating a strong Zn fertilization response and greater Zn accumulation
capacity of SW5819 under acidic soil conditions.

 

Figure 3. Zn uptake in maize at the milking (R3) stage as influenced by the interaction effect of Zn
application rates and maize varieties (V1: SW 5731, V2: SW 5819) at Chon Daen (A), Noen Maprang
(B), Lom Sak (C) experimental sites in 2020. Data are mean values ± SE (n = 4). Different letters above
the bars indicate significant differences in Zn application rates and maize varieties, as determined by
the LSD test at p < 0.05.

Figure 4. Zn uptake in maize at the milking (R3) stage as influenced by the main effect of Zn
application rates and maize varieties at Chon Daen (A), Noen Maprang (B), Lom Sak (C) experimental
sites in 2020. Data are mean values ± SE (n = 4). Different letters above the bars indicate significant
differences in Zn application rates and maize varieties, as determined by the LSD test at p < 0.05.

At Noen Maprang, no significant interaction between Zn application rate and maize
variety was detected for shoot Zn uptake (Figure 3B); therefore, only main effects are
presented. Shoot Zn uptake increased progressively with increasing Zn application rate,
ranging from approximately 210.9 g/ha in SW5731 without Zn to 314.9 g/ha in SW5819 at
33.8 kg Zn/ha. The main effect of Zn application rate showed a similar trend (Figure 4B),
where total Zn uptake was lowest at 0 and 5 kg Zn/ha (250.0 and 238.4 g/ha, respectively)
and highest at 10 and 20.6 kg Zn/ha (280.7 and 305.4 g/ha, respectively), while the main
effect of maize variety was not significant, indicating comparable Zn uptake capacity
between varieties at this site.
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At Lom Sak, Zn application rate × maize variety interaction was significantly different
in shoot Zn uptake at the R3 stage (Figure 3C). SW 5819 at 5 and 20.6 kg Zn/ha (322.8
and 355.0 g/ha, respectively) showed higher Zn uptake than SW 5819 at 10 kg Zn/ha and
without Zn application (282.6 and 255.9 g/ha, respectively). SW 5731 at 20.6 kg Zn/ha was
higher than Zn application rates at 5 and 10 kg Zn/ha, increasing approximately 6–8%.
Despite these interaction effects, the main effects of Zn application rate and maize variety
were not significant (Figure 4C); however, SW5819 consistently exhibited higher shoot Zn
uptake than SW5731, with an average increase of 13.7% across Zn treatments.

3.2. Soil Zn Concentration and Soil pH

Soil Zn concentration at the R3 stage was reported in Table 3. At Chon Daen, appli-
cation of 20.6 kg Zn ha−1 resulted in significantly higher soil Zn concentrations than the
control across both maize varieties, reaching 4.50 mg/kg in SW5731 and 3.41 mg/kg in
SW5819. The main effect of Zn application rate showed the highest soil Zn concentration
at 20.6 kg Zn/ha (3.96 mg/kg), representing a 2.65-fold increase compared with no Zn
application, whereas rates of 5 and 10 kg Zn/ha did not differ significantly from the control.
The main effect of maize variety was not significant.

Table 3. Soil Zn concentration at the milking stage (R3) as affected by Zn application rates and maize
varieties in 2020.

Experimental Sites
Zn Application Rate

(kg Zn/ha)

Variety
Mean

SW 5731 SW 5819

Chon Daen

0 1.52 ± 0.28 bc 1.46 ± 0.20 c 1.49 ± 0.22 B
5 2.23 ± 0.62 abc 1.60 ± 0.05 bc 1.91 ± 0.52 B
10 1.63 ± 0.47 bc 1.67 ± 0.34 bc 1.65 ± 0.37 B
20.6 4.50 ± 2.03 a 3.41 ± 1.94 ab 3.96 ± 1.88 A

Mean 2.47 ± 1.57 2.03 ± 1.19

Source of
variation

Zn application rate ** Variety (Var) ns

Zn × Var **

Noen Maprang

0 1.54 ± 0.35 bc 1.37 ± 0.05 c 1.46 ± 0.24 C
8.8 2.85 ± 1.11 abc 2.06 ± 0.52 bc 2.46 ± 0.89 B
16.8 2.12 ± 0.43 abc 2.64 ± 0.89 abc 2.38 ± 0.69 BC
33.8 4.50 ± 1.01 a 3.89 ± 1.40 ab 4.20 ± 1.14 A

Mean 2.75 ± 1.35 2.49 ± 1.2

Source of
variation

Zn application rate ** Variety ns

Zn × Var **

Lom Sak

0 0.52 ± 0.11 d 1.46 ± 0.90 bcd 0.99 ± 0.77 B
5 0.80 ± 0.12 cd 1.21 ± 0.58 bcd 1.00 ± 0.44 B
10 1.63 ± 0.45 abc 1.70 ± 0.73 abc 1.67 ± 0.75 AB
20.6 2.43 ± 0.78 a 1.89 ± 0.61 ab 2.16 ± 0.69 A

Mean 1.35 ± 1.06 1.56 ± 0.67

Source of
variation

Zn application rate ** Variety ns

Zn × Var **

Data represent the mean ± standard errors (n = 4). Different lowercase letters indicate significant differences in
the interaction effect of treatments, and uppercase letters indicate significant differences in the main effect of
Zn application rate and maize variety (p < 0.05). ns indicates no significant differences. ** indicate significant
difference at p < 0.01, respectively.

At Noen Maprang, soil Zn concentration also increased significantly with Zn application
rate. The highest rate (33.8 kg Zn/ha) produced significantly greater soil Zn concentrations
than the control in both varieties (4.50 and 3.89 mg/kg in SW5731 and SW5819, respectively).
Main effect analysis confirmed that soil Zn concentration was greatest at 33.8 kg Zn/ha
(4.20 mg/kg), while no significant varietal differences were observed.

At Lom Sak, soil Zn concentration increased with increasing Zn application rate. The
application rates of Zn at 10 and 20.6 kg/ha were significantly higher than the rate without
Zn application under SW 5731. The range of soil Zn concentration from 0.80 to 2.43 mg/kg
under applied Zn fertilizer. The main effect of Zn application rate was significant at 20.6 kg
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Zn/ha relative to 0 and 5 kg Zn/ha, while no significant differences between maize varieties
were detected.

The soil pH values varied considerably among the three experimental sites (Figure 5). At
Chon Daen, the soils were distinctly acidic, with pH values ranging from 4.98 to 6.1 and an
average of 5.5. In contrast, Noen Maprang soils showed moderately acidic conditions, with
pH values clustered between 5.6 and 6.4, and a median of about 6.0. Meanwhile, soil pH at Lom
Sak was markedly more alkaline compared with the other sites, with pH values consistently
ranging from 7.1 to 7.7 and a median of about 7.5. These results indicate site-specific differences
in soil reaction, with Chon Daen representing strongly acidic soils, Noen Maprang moderately
acidic soils, and Lom Sak slightly alkaline soils. Such differences are likely to influence soil Zn
availability and the overall response of maize to Zn fertilization across sites.

Figure 5. Soil pH in bulk soil at silking at the Chon Daen, Noen Maprang, and Lom Sak experimental sites.

3.3. Soil Bacterial and Archaeal Community

There were no significant differences in α- and β-diversity of bacterial and archaeal
communities among the various Zn application rates and two maize varieties (Figure S2).
However, soil bacterial and archaeal community structures differed significantly among the
three experimental sites as a function of their contrasting soil pH level (Figure 6). The Chao1
and Shannon indices were used to indicate the α-diversity of the bacterial and archaeal
communities, as shown in Figure 6A,B. The average Chao1 index values for bacterial and
archaeal communities across the three experimental sites were 787.1, 642.3, and 767.4 in
Chon Daen, Noen Maprang, and Lom Sak, respectively. The Shannon index values of
bacterial and archaeal communities were 5.9, 5.5, and 5.9, respectively. The β-diversity
analysis showed that the difference in soil pH influenced the composition of soil microbial
communities. The nonmetric multidimensional scaling (NMDS) analysis demonstrated
distinct clustering patterns among the three experimental sites (p = 0.02), indicating that
location strongly influenced bacterial and archaeal community structure (Figure 6C).

In Figures 7 and 8, the relative abundance of the dominant phylum and class at
ChonDaen, it was found that Proteobacteria, Chloroflexi, and Actinobacteria were the three
most abundant phyla, with relative abundances of 16.4–21.5%, 18.1–22.7%, and 13.3–19.3%,
respectively. Crenarchaeota was the dominant archaea in this soil, with a relative abundance
range of 2.3–3.6% (Figure 7). In addition, the five most abundant bacteria in the class were
Actinobacteria, Gammaproteobacteria, Alphaproteobacteria, Ktedonobacteria, and Anaerolineae,
respectively. The most abundant archaeon at the class level was Nitrososphaeria (Figure 8A).
At Noen Maprang, Proteobacteria, Chloroflexi, and Actinobacteria were the dominant bacterial
phyla. The relative abundances were 22.5–28.2%, 13.9–17.3% and 14.1–21.5%, respectively.
Crenarchaeota occupied 2.3–2.9% of community (Figure 7). The five most abundant classes
at Noen Maprang were Actinobacteria, Gammaprotebacteria, Bacilli, Alphaproteobacteria, and
Ktedonobacteria, respectively. Nitrososphaeria was the dominant archaeal class in the soil
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(Figure 8B). At Lom Sak, the four most abundant bacterial phyla were Proteobacteria, Chlo-
roflexi, Actinobacteria, and Acidobacteria. The relative abundance was 16.6–20.8%, 11.1–13.8%,
9.5–10.8%, and 14.5–16.5%, respectively. These experimental fields had the highest Crenar-
chaeota abundance, exceeding those of other fields, with relative abundances ranging from
12.4% to 14.7% (Figure 7). The most abundant bacterial classes were Alphaproteobacteria,
Anaerolineae, Gammaproteobacteria, Vicinamibacteria, and Bacteroidia. Nitrososphaeria had a
higher relative abundance than the bacterial class (Figure 8C).

 

Figure 6. Alpha diversity of the soil bacterial and archaeal community: Chao1 index (A) and Shannon
index (B) in different soil pH after applying Zn fertilizer. The nonmetric multidimensional scaling
(NMDS) based on the Bray–Curtis algorithm to analyze overall structural changes in the bacterial and
archaeal communities (C). Different letters above the bars indicate significant differences between
experimental sites (p < 0.05).

Figure 7. Soil bacterial and archaeal community analysis in response to different interactions between
Zn application rates and maize varieties (V1: SW 5731; V2: SW 5819). Relative abundance of the
dominant phyla (relative abundance > 0.1%) of different Zn application rates and maize varieties in
Chone Daen, Noen Maprang, and Lom Sak experimental fields.
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Figure 8. Soil bacterial and archaeal community analysis in response to different interactions between
Zn application rates and maize varieties (V1: SW 5731; V2: SW 5819). Relative abundance of the
dominant class (relative abundance > 1.0%) at Chon Daen (A), Noen Maprang (B), and Lom Sak (C).

3.4. Soil Fungal Community

No significant differences in α- and β-diversity of fungal communities were observed
across different Zn application rates and maize varieties (Figure S3). However, the three
experimental sites, characterized by distinct soil pH levels, exhibited notable differences
in their soil fungal communities (Figure 9). The Chao1 and Shannon indices were used
to evaluate the α-diversity of soil fungal communities in soils with different pH levels.
The Chao1 and Shannon indices were significant across different soil pH levels. The
average Chao1 index values for the fungal community across the three experimental sites
were 137.4, 112.5, and 124.1 in Chon Daen, Noen Maprang, and Lom Sak, respectively.
The Shannon index values of bacterial and archaeal communities were 2.8, 2.7, and 2.3,
respectively. Changes in soil microbial β-diversity under different Zn application rates
and maize varieties in three different soil pH levels in paddy soils. The NMDS based on
the Bray–Curtis algorithm was used to analyze overall structural changes in the fungal
microbial communities. The soil pH showed significantly altered soil fungal community
structure in paddy soil (Figure 9C).

 

Figure 9. Alpha diversity of the fungal community: Chao1 index (A) and Shannon index (B) in
different soil pH after applying Zn fertilizer. Nonmetric multidimensional scaling (NMDS) analysis of
fungal communities based on the Bray–Curtis algorithm (C). Different letters above the bars indicate
significant differences between experimental sites (p < 0.05).
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The relative abundance results for three experimental sites are shown in Figure 10.
At Chon Daen, the main fungal phyla were Ascomycota, Mucoromycota, and Basidiomy-
cota. The relative abundance ranges were 89.2–98.6%, 0.1–9.8%, and 0.4–4.8%, respec-
tively. The fungal class was Dothideomycetes (51.1–72.4%), followed by Sordariomycetes
(24.8–38.0%), Mucoromycetes (0.1–9.8%), Tremellomycetes (0.4–4.8%), and Eurotiomycetes
(0.6–6.3%), respectively (Figure 11A). At Noen Maprang, the most abundant fungal phyla
were Ascomycota (57.4–88.6%), Basidiomycota (6.5–29.2%), and Mucoromycota (1.0–28.8%),
and classes were Soridiomycetes (24.4–51.6%), Dothideomycetes (21.9–42.5%), Tremellomycetes
(6.5–29.2%), Mucoromycetes (1.0–28.8%), and Eurotiomycetes (0.9–10.0%) (Figure 11B). At
Lom Sak, the most abundant fungal phyla were Ascomycota (99.5–99.7%) and Basidiomy-
cota (0.1–0.3%). The main fungal classes were Eurotiomycetes (43.5–61.9%), Soridiomycetes
(28.5–48.6%), Dothideomycetes (7.3–22.9%), Tremellomycetes (0.1–0.2%), and Leotiomycetes
(0.03–0.2%) (Figure 11C).

Figure 10. Soil fungal community analysis in response to different interactions between Zn application
rates and maize varieties (V1: SW 5731; V2: SW 5819). Relative abundance of the dominant phyla
(relative abundance > 0.1%) of different Zn application rates and maize varieties in Chone Daen,
Noen Maprang, and Lom Sak experimental fields.

Figure 11. Soil fungal community analysis in response to different interactions between Zn application
rates and maize varieties (V1: SW 5731; V2: SW 5819). Relative abundance of the dominant class
(relative abundance > 0.1%) at Chon Daen (A), Noen Maprang (B), and Lom Sak (C).

https://doi.org/10.3390/agronomy16010078
16



Agronomy 2026, 16, 78

3.5. Correlation Between Soil Microbial Community and Environmental Factors

The correlation analysis revealed relationships among bacterial and archaeal genera,
plant growth parameters, and environmental factors. The bacterial community, Marinobac-
ter, FCPU453, Chalmydiaceae, Candidatus_Jorgensenbacteria, and B122 had a significant
positive correlation with stalk dry weight. In addition, soil pH had a significant positive
correlation with Vicinamibacteria, TRA3-20, RB41, bacteriap25, and Anaerolineae. In contrast,
Acidothermus had a significant negative correlation with soil pH. Singulisphaera and Abditibac-
terium showed a significant positive correlation with soil Zn availability (Figure 12A). In
Noen Maprang, the genus of Arenimonas showed a significant positive correlation with soil
pH. In addition, leaf dry weight was positively correlated with genus Solitalea (Figure 12B).
No factors were significantly correlated with the bacterial and archaeal community in the
Lom Sak field.

 

Figure 12. Correlation analyses of the genus of soil bacteria and archaea community with growth
parameters and environmental factors (* p < 0.05, ** p < 0.01, *** p < 0.001) at Chon Daen (A), Noen
Maprang (B), and correlation analyses of the genus of soil fungal community with growth parameters
and environmental factors at ChonDaen (C). Note: Shoot Znup: shoot Zn uptake, DW: dry weight,
Soil Zn conc.: soil Zn concentration.

Correlation between the soil fungal community and growth parameters and environ-
mental factors was observed only in the Chon Daen experimental field (Figure 12C). The
genus Setophoma in class Dothideomycetes and the genus Sarocladium in class Sordariomycetes
were significantly related to the soil Zn concentration. Moreover, the genus Welttsteinina in
the class Dothideomycetes was associated considerably with stalk dry weight accumulation.
On the other hand, no factors were significantly correlated with the fungal community at
the Noen Maprang and Lom Sak experimental sites.

4. Discussion

4.1. Effect of Zn Application on Biomass, Zn Accumulation, and Soil Zn Concentration

The effects of Zn fertilization on biomass production at the R3 stage varied significantly
across the three different soil pH types, reflecting both environmental differences and
site-specific soil conditions. At Chon Daen (pH 4.9–6.1), Zn fertilization significantly
increased shoot Zn uptake (333.3 to 481.7 g/ha) (Figure 3A) and soil Zn concentration
(up to 3.96 mg/kg) (Table 1). Variety SW 5819 showed superior Zn use efficiency and
growth, indicating good adaptation to low pH (Figures 2A and 4A). At Noen Maprang
(pH 5.6–6.4), Zn availability was moderate, resulting in a limited response from maize. Zn
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uptake increased slightly (210.9 to 314.9 g/ha) (Figure 3B), but dry matter accumulation
was stable (14.6–16.0 t/ha) (Figure 1B), suggesting the soil already supplied sufficient
Zn for growth. At Lom Sak (pH 7.1–7.7), Zn fertilization improved ear dry matter by
7.8–20.8% (Figure 1C), and Zn uptake increased modestly (273.2 to 353.7 g/ha) (Figure 3C).
The variety SW 5819 performed better than SW 5731, showing higher biomass and Zn
uptake (Figures 2C and 4C), yet overall benefits were limited by reduced Zn solubility
under alkaline conditions.

Soil pH is the key factor influencing Zn distribution in soil, as it determines Zn
solubility. Higher soil pH increases Zn adsorption onto soil particle cation exchange
sites, thereby decreasing Zn availability in the soil solution [25]. The results showed that
soil Zn concentration at Lom Sak was lower than at Chaon Daen and Noen Maprang
(Table 3), where the soil pH was high (Figure 5). The difference in soil pH across the three
experimental sites results in maize Zn concentrations exceeding the upper critical values
reported in previous studies: 0.99 mg/kg [26] and 1.02 mg/kg [27].

The soil Zn concentration, extracted by the DTPA method, can be used to predict
maize absolute yield response: high Zn response at <0.9 mg/kg, medium Zn response
at 0.9–1.3 mg/kg, and low Zn response at >1.30 mg/kg [26]. A previous study showed
that applying 10.0 kg of Zn/ha annually resulted in higher grain size, straw, and total Zn
concentrations in maize and wheat than in the no-Zn treatment [28]. Additionally, applying
biofertilizer inoculated with arbuscular mycorrhizal fungi (AMF) and supplemented with
20 mg Zn/kg Zn fertilizer enhanced photosynthesis, transpiration, and stomatal conduc-
tance. This treatment effectively promotes better growth and maize yield while preventing
Zn deficiency or toxicity [29].

4.2. Effect of Zn Application on Soil Microbial Community Under Different Soil pH

The results of this study demonstrate that Zn application rates ranging from 5 to
33.8 kg Zn/ha had minimal impact on soil microbial community structure in paddy soils.
This observation is consistent with a previous study that reported that moderate Zn ap-
plication rates (5.7 kg Zn/ha) did not significantly affect microbial diversity, whereas
higher rates (34.1 kg Zn/ha) had adverse effects on enzyme activities [17]. The stability
of microbial communities observed in our study suggests that the applied Zn rates were
within the tolerance range of soil microorganisms. Location emerged as the primary driver
of microbial community variation, rather than Zn application, as supported by research
showing that soil properties such as total nitrogen and organic carbon are significant factors
influencing microbial community structure [30]. This finding suggests that inherent soil
characteristics and environmental conditions have stronger effects on microbial commu-
nities than moderate fertilizer applications. Some studies have found that Zn fertilizer
application can reduce microbial community diversity but increase the connectivity and
metabolic function of bacterial networks, potentially improving soil function and crop
productivity [30]. However, these changes were not observed in this study, likely due to
differences in Zn application rates, soil types, or cropping systems.

The previous research suggests that microbial communities can adapt over time to
fertilizer inputs, but this adaptation is typically slow and is more influenced by seasonal
and environmental changes than by moderate fertilizer application [31,32]. The minimal
impact of Zn application on microbial communities in this study contrasts with research
showing that excessive Zn concentrations can adversely affect microbial growth and en-
zyme activities [33]. However, our applied rates were considerably lower than the toxic
thresholds identified in greenhouse studies, explaining the lack of adverse effects observed.
The dominance of Proteobacteria, Actinobacteria, and Bacteroidota across all locations corre-
sponds with findings from other rice-based systems. Previous studies have identified these
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phyla as critical bacterial taxa in agricultural soils, particularly Actinobacteria, Bacteroidetes,
Proteobacteria, and Chloroflexi, which play important topological roles in soil microbial
networks [30]. The presence of these groups benefits soil health by promoting nutrient
cycling and plant growth. In other rice-paddy experiments with higher Zn application
rates (e.g., 30 kg Zn/ha), soil Zn application reduced bacterial community diversity but
increased network connectivity and metabolic function [30]. Actinobacteria often increased
in abundance, while Bacteroidetes were sometimes suppressed. Metabolic pathways such
as lipid, amino acid, and carbohydrate metabolism and the biodegradation of xenobiotics
were upregulated after Zn application [30].

Both Proteobacteria and Actinobacteria were dominant and stable across soil treatments
and locations in this study, and their abundance was not significantly altered by Zn fertilizer
application [Figure 7]. In comparable experiments, increased abundance of Actinobacteria
following Zn application was linked to improved soil metabolic functions and enhanced
plant nutrient uptake. In studies where Actinobacteria and Proteobacteria were enriched by
Zn application, there were measurable increases in grain yield and Zn content in crops; for
example, rice yields increased by 17–19% and Zn enrichment in grains. These phyla are
recognized for their critical roles in soil health, including organic matter recycling, nutrient
cycling, and plant growth promotion [34,35]. However, in this experiment, while these
phyla remained abundant and stable, the primary drivers of yield improvement were likely
the direct effects of Zn fertilization and site-specific factors, rather than dramatic shifts in
these microbial groups.

The fungal community showed greater location-specific variation than bacterial com-
munities, with Ascomycota dominating across all sites. This pattern is typical in agricultural
soils, where Ascomycota often represents the most abundant fungal phylum. The varia-
tion in fungal community composition among locations may reflect differences in soil
pH, organic matter content, and other physicochemical properties that influence fungal
establishment and survival. Fungi generally showed less pronounced changes compared
to bacteria, with community shifts more influenced by soil properties and moisture than by
fertilizer application [36].

Correlation analyses showed that microbial-plant interactions are location-specific,
emphasizing the need to consider local soil conditions in microbial-based agriculture. These
findings highlight the importance of Zn management to optimize maize productivity and
maintain soil microbial stability.

5. Conclusions

Maize dry matter accumulation and Zn uptake at the R3 stage were significantly
affected by Zn application rate, maize variety, and their interaction, with SW 5819 con-
sistently outperforming SW 5731 under Zn fertilization, particularly at Chon Daen and
Lom Sak. No yield or uptake response to Zn was observed at Noen Maprang, indicating
adequate native Zn supply at that site. Soil Zn concentrations increased with Zn appli-
cation across all sites, confirming effective enhancement of Zn availability. The range
of Zn applications (5–33.8 kg Zn/ha) in this study did not alter bacterial, archaeal, or
fungal diversity, with microbial community composition driven mainly by soil pH and
site-specific conditions rather than Zn inputs. These results emphasize that Zn fertilization
can improve maize performance without disrupting soil microbial communities, but its
effectiveness depends strongly on soil pH. This highlights the site-specific Zn management
strategies to optimize maize grain yield and grain Zn biofortification while maintaining
soil microbial stability.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy16010078/s1. Figure S1: The daily precipitation, maxi-
mum and minimum temperature during the maize growing in the dry season from January to April
2021 at Chon Daen, Noen Maprang, and Lom Sak experimental sites. The red arrow indicates the
time of planting, V6, tasseling (VT), milking (R3), and physiological maturity stage (PM) of maize
growth; Figure S2: Alpha diversity of the soil bacterial and archaeal community: Chao1 index and
Shannon index under the interaction effect between Zn application rates and maize varieties at Chon
Daen (CD), Noen Maprang (NM), and Lom Sak (LS); Figure S3: Alpha diversity of the soil fungal
community: Chao1 index and Shannon index under the interaction effect between Zn application
rates and maize varieties at Chon Daen (CD), Noen Maprang (NM), and Lom Sak (LS); Table S1: The
fertilizer rate for maize production in Thailand was analyzed based on soil chemical properties.
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Abstract: Soil contamination in industrial areas often involves complex mixtures of contami-
nants, making remediation a significant challenge. Microbe-assisted phytoremediation offers
a promising solution, yet its success depends on understanding interaction between plants,
microorganisms, and contaminants in rhizosphere. This study examined the effects of organic
(oil sludge) and inorganic (Zn) contaminants, applied individually and in combination, on the
rhizosphere bacterial community of Miscanthus × giganteus Greef et Deu (M×g), with empha-
sis on strains exhibiting plant growth-promoting, hydrocarbon-degrading, and metal-tolerant
traits. A one-season greenhouse experiment included soils spiked with Zn (1650 mg kg−1)
and/or oil sludge (15 mL kg−1). Oil sludge exerted a stronger influence on the taxonomic
structure of rhizobacterial communities than Zn, largely shaping the patterns observed under
co-contamination. Zn exposure increased the relative abundance of Actinobacteriota, whereas
oil sludge favoured Proteobacteriota. Both contaminants, individually and together, enhanced
the proportion of Sphingomonadaceae. Across all treatments, taxa with potential plant-
growth-promoting traits were present, while co-contaminated soil harboured microorganisms
capable of hydrocarbon degradation, heavy metal tolerance, and plant growth promotion.
These findings highlight the adaptive capacity of the M×g rhizobiome and support its ap-
plication in phytoremediation. The isolation and characterisation of rhizosphere-associated
strains provide basis for developing microbial bioagents to enhance biomass production and
remediation efficiency in multi-contaminated environments.

Keywords: Miscanthus × giganteus; rhizobacterial community; taxonomic structure; Zn;
oil sludge

1. Introduction

Under real conditions, technogenic soil pollution typically involves complex mix-
tures of contaminants, with petroleum hydrocarbons and heavy metals being the most
prevalent [1–6]. A recent study estimated that 14–17% of cropland soils already exceed
agricultural thresholds for at least one heavy metal [7]. Hydrocarbons are classified as
priority pollutants because of their persistence, high toxicity, mutagenic and carcinogenic
potential, and teratogenic effects in humans [8]. Combined contamination commonly
occurs in industrial zones of oil extraction and processing, roadside soils, and landfill
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areas [4,5,9–11]. The coexistence of pollutants with distinct physicochemical properties
poses a significant challenge for remediation, as they respond differently to conventional
rehabilitation strategies [9]. In this context, phytoremediation, which relies on vegetation
to restore contaminated soils, is regarded as one of the most effective modern technologies,
as it enables the simultaneous removal of both organic and inorganic pollutants through di-
verse mechanisms [12]. The principal mechanism for the remediation of organic pollutants,
such as petroleum hydrocarbons, is rhizosphere-mediated microbial degradation [13,14],
whereas heavy metal remediation primarily relies on phytoaccumulation and phytostabil-
isation [15–17]. The efficiency of these processes is determined by both the remediating
plant and its associated rhizosphere microbiome.

In recent years, plants of the Miscanthus genus have attracted considerable interest ow-
ing to their economic value and broad applicability across multiple sectors [18,19]. Among
these, Miscanthus × giganteus Greef et Deu (M×g) is particularly recognised as a promising
bioenergy crop capable of establishing in marginal and abandoned lands. This species is
characterised by high biomass productivity and has shown potential for the remediation
of soils contaminated with both organic and inorganic pollutants [20–25]. The ability of
plants to diverse environmental conditions is strongly influenced by ecological services
provided by their microbial symbionts, including biofertilisation, disease suppression, and
enhanced tolerance to abiotic stress [26]. Soil functions as a reservoir of microbial diversity
from which plants selectively assemble their microbiomes according to the requirements of
their specific habitats [26]. Understanding the formation of rhizosphere microbial commu-
nities that support plant growth under adverse conditions and facilitate soil remediation is
essential for evaluating the feasibility of cultivating M×g in contaminated environments.

The microbial communities associated with M×g have been extensively studied using
both culture-independent and culture-based approaches. Since the majority of microorgan-
isms are non-culturable (>99%), even when diverse media are employed [27,28], modern
culture-independent molecular techniques are indispensable for assessing microbial diver-
sity. A comprehensive study of 26 plant species identified Clavibacter, Chryseobacterium,
and Acidovorax as taxa uniquely associated with M×g [29]. Increasing evidence indicates
that Miscanthus species actively shape their rhizosphere microbiomes to support growth
in disturbed soils [30–34]. Predictive functional profiling using Phylogenetic Investiga-
tion of Communities by Reconstruction of Unobserved States (PICRUSt) revealed that
Miscanthus cultivation modifies the metabolic capabilities of bacterial communities, in-
cluding pathways related to carbon and nitrogen metabolism and the phosphorus
cycle [35]. Furthermore, FUNGuild analysis demonstrated that Miscanthus cultivation
alters the trophic modes of fungal communities [35]. Miscanthus-associated diazotrophs
supply plants with bioavailable nitrogen [36–38], and nitrogen fertilisation has been shown
to influence the composition of the Miscanthus microbiome [39]. Several factors affecting
the assembly of microbial communities in the Miscanthus rhizosphere are currently under
investigation, including plant species identity [40], genetic variability [41], plant age [39],
rooting depth [42], and exposure to different pollutants [22,43–46].

Several studies have documented shifts in the composition and structure of the
M×g rhizosphere microbial community in response to heavy metal contamination [22,44,46,47].
In contrast, information on the effects of hydrocarbons on the M×g rhizosphere microbiome
remains scarce [48]. These observations provide a basis for further investigations into the
ecological functions of microorganisms in Miscanthus growth and offer valuable insights for the
cultivation of this species in marginal soils, particularly those contaminated with heavy metals
or other pollutants.

Increasing attention has recently been directed toward understanding plant responses
and remediation efficiency in soils contaminated with multiple pollutants, particularly
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heavy metals and hydrocarbons [49–52]. However, only three studies published in 2025
have investigated the effects of complex pollution on the root zone microbiome. Conlon
et al. [53] examined rhizodegradation by Sinapis alba, Lolium perenne, L. perenne + Trifolium
repens, and Cichorium intybus in petroleum hydrocarbon- and heavy metal-co-contaminated
soil in a microcosm-scale pot trial, reporting rhizosphere enrichment with hydrocarbon-
degrading bacteria, including KCM-B-112, C1-B045, Hydrogenophaga, unclassified Sacchari-
monadales sp., and Pedobacter. Another microcosm experiment demonstrated that elevated
levels of Cu, Ni, and Zn (100 mg kg−1 each) negatively affected the growth of Lolium
multiflorum and reduced the abundance of hydrocarbon-degraders, while also altering the
structure of hydrocarbon-degrading bacterial communities [54]. In a field study evidenc-
ing the co-contaminated nature of soils in industrial areas, the rhizosphere of Carmona
microphylla, a native plant growing at an operating ink factory site polluted with polycyclic
aromatic hydrocarbons (~500–800 mg kg−1) and heavy metals (As, Cd, Cr, Pb and Zn), was
analysed [55]. High pollution levels markedly reduced the number of specific operational
taxonomic units (OTUs), with heavy metals identified as the primary factor shaping bacte-
rial community structure [55]. Soil bacterial functions were influenced mainly by pollution
levels rather than rhizosphere effects, with high contamination altering α diversity as well
as the structure and composition of C- and N-cycling bacteria. Compared to hydrocarbons,
heavy metals played a more significant role in shaping bacterial communities by affecting
metabolite profiles [55]. Our previous research described the physiological and biochemical
responses of M×g to soils contaminated with heavy metals and petroleum hydrocarbons,
as well as its effective application in remediating soils affected by mixed pollution [56]. Zinc
(Zn) and oil sludge, both widespread anthropogenic contaminants [8,57], were selected as
model pollutants in the present study. Elevated concentrations of these pollutants in soils
often result from industrial activities such as mining and smelting [10].

This study investigated the rhizobacterial community of M×g cultivated in soils
subjected to distinct contamination scenarios: Zn, oil sludge, or their combination, with
uncontaminated soil serving as a control. The research was grounded in the premise that
soil contamination adversely affects rhizosphere microbial diversity, which is essential
for both plant health and soil functioning [58,59]. It was hypothesized that complex con-
tamination involving both inorganic (Zn) and organic (oil sludge) pollutants would exert
a more pronounced negative effect on rhizosphere microbial diversity than single-pollutant
exposure. In particular, a decline was expected in the abundance and diversity of cultivable
microbial taxa with plant growth-promoting traits and contaminant tolerance [54]. More-
over, it was anticipated that organic contamination (oil sludge) would be less detrimental,
or potentially more favourable, to rhizobacterial community composition than inorganic
contamination (Zn), owing to differences in bioavailability, toxicity mechanisms, and the
potential for microbial degradation. Within this framework, the study aimed to elucidate
how contamination type and complexity shape rhizosphere microbial communities and
their functional potential in the context of phytoremediation with M×g.

2. Materials and Methods

2.1. Soil Origin and Characteristics

The experimental design was previously described by Muratova et al. [56]. Briefly, the soil
used in the pot experiments was loamy leached chernozem (World Reference Base [60]: Luvic
Chernozems) collected near Novye Burasy village, Saratov region, Russian Federation. Prior
to the experiment, the soil was analysed for agrochemical parameters. Soil pH was measured
using a Metler Toledo Delta 320 pH meter (Mettler-Toledo Instrument Co., Ltd.; Shanghai,
China) [61]. The contents of mobile (available) phosphorus (P2O5) [62], nitrate (NO3-N) [63],
and water-soluble ammonium (NH4-N) [64] were quantified by photocolorimetry (Table 1).

25



Agronomy 2025, 15, 2232

The principal characteristics of the soil were as follows: particle-size distributions—1–3 mm,
0.036%; 1–0.5 mm, 0.23%; 0.5–0.25 mm, 31.1%; and <0.25 mm, 68.5%. The total organic carbon
content was 4.4% of the air-dried soil.

Table 1. Soil agrochemical profiles.

Parameter Unit Control Soil Zn-Spiked Soil Zn- & Oil Sludge-Spiked Soil Oil Sludge-Spiked Soil

pH − 5.64 5.37 5.54 5.53

NO3-N mg kg−1 37.8 ± 6.29 18.6 ± 0.71 17.0 ± 3.24 20.6 ± 0.20

NH4-N mg kg−1 31.7 ± 1.55 39.6 ± 2.14 31.7 ± 1.87 31.8 ± 6.60

P2O5 mg kg−1 63.8 ± 0.98 51.0 ± 6.53 53.2 ± 5.55 58.3 ± 4.57

2.2. Experimental Layout

The soil for the pot experiment was sieved through a 7 mm mesh and divided into
four portions. The first portion was spiked with a Zn solution obtained by dissolving
ZnSO4 · 7H2O (>99% purity, Reakhim, Russia) in deionised water, resulting in a final
soil concentration of 1650 mg Zn kg−1, corresponding to a 15 × MPC [65]. The second
portion was spiked with oil sludge (15 mL kg−1), yielding a final concentration of total
petroleum hydrocarbons (TPHs) of 8810 mg kg−1. The oil sludge was collected from
a pit located on the grounds of a petroleum refinery in Saratov, Russian Federation. The oil
sludge was collected from an oil sludge pit located on the grounds of a petroleum refinery
in Saratov, Russian Federation. Its characteristics were as follows: pH 6.4, suspended
solids ≤ 2%, water content 14.2%. The petroleum fraction comprised paraffins (18.8%),
naphthene (18.1%), mono- and bicyclic aromatic hydrocarbons (MBCA, 7.1%), polycyclic
aromatic hydrocarbons (PAHs, 11.2%), and alcohol-benzene tars (ABTs) plus asphaltenes
(44.7%). The third portion was spiked with both the Zn solution and oil sludge at the
same final concentrations. The fourth portion served as the control and was treated with
an equivalent amount of distilled water. Thus, the experimental treatments were: (i) control
soil, (ii) Zn-spiked soil, (iii) oil sludge-spiked soil, and (iv) Zn- and oil sludge-spiked soil.

Pots were lined with black plastic bags to prevent leaching of soil solution, including water-
soluble contaminants and nutrients. A 1 kg layer of expanded clay (granule diameter: 15–20 mm)
was placed at the bottom of each pot as drainage and covered with gauze. This was overlaid
with 1 kg of purified river sand, which was again covered with gauze. Finally, 3 kg dry weight
(DW) of either control or spiked soil was added. Two one-year-old M×g rhizomes (sourced
from the plantation of the Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan)
were planted in each pot, and the soil surface was covered with 200 g of purified river sand.

All treatments were established in triplicate. Soil moisture was maintained at
50% of field moisture capacity by daily watering, determined gravimetrically. Plants
were cultivated in a greenhouse under natural illumination at 24–28 ◦C during the day
and 20–22 ◦C at night for six months (March–September 2018).

2.3. Isolation of Strains Capable of Tolerating Contaminants and Promoting Plant Growth

Heavy-metal-resistant microorganisms were enumerated and isolated using Lysogeny
Broth (LB) agar supplemented with either ZnSO4 · 7H2O or Pb(CH3COO)2 at a final
metal-ion concentration of 0.5 mmol L−1. The isolates were subsequently tested for metal
resistance by culturing on LB agar containing 0.5–5 mM Zn2+ or Pb2+.

All isolates were assessed for plant growth–promoting traits, including the ability to
fix atmospheric nitrogen (N2) on nitrogen-free agar medium [66,67], produce the phytohor-
mone indole-acetic acid (IAA) [68], and solubilise phosphates [69]. The paraffin-degrading
ability of isolates was tested using the membrane-filter technique and Bushnell–Haas
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medium [67]. PAH degradation was evaluated by a plate assay based on the formation of
clearance zones around bacterial colonies [70].

2.4. 16S rRNA Gene Sequencing Analysis of Rhizosphere Soil

At the end of the experiment, plant roots were removed from the pots and soil loosely
adhering to the roots was shaken off. Young roots with tightly attached rhizosphere soil
were collected (~1.0 g) for metagenomic analysis. Prior to analysis, rhizosphere soil was
carefully separated from the roots using a laboratory spatula. Two replicate subsamples
(0.3 g each) were taken for DNA extraction.

Soil DNA was extracted and purified using the Fast DNA SPIN Kit for Soil
(MP Biomedicals, Solon, OH, USA) and homogenised with a FastPrep-24 instrument
(MP Biomedicals, Solon, OH, USA) according to the manufacturer’s instructions. A 16S
rRNA gene sequencing library was constructed following the Illumina 16S Metagenomics
Sequencing Library Preparation protocol (Illumina, San Diego, CA, USA), targeting the
V3–V4 hypervariable regions. The initial PCR amplification was carried out with
region-specific primers containing Illumina adapter overhang sequences (forward primer:
5′- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′;
reverse primer: 5′- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGG
TATCT-AATCC-3′). PCR products were visualised by gel electrophoresis and purified with
AMPure XT magnetic beads. A second PCR was then performed using the Nextera XT
Index Kit (Illumina, San Diego, CA, USA).

The DNA concentration of purified PCR products was quantified with a Qubit dsDNA
HS Assay Kit (Thermo Scientific, Waltham, MA, USA) on a Qubit 2.0 fluorometer. The
pooled library (4 nM) was denatured with 0.2 M NaOH, diluted to 10 pM, and combined
with 20% (v/v) denatured 4 pM PhiX control, according to Illumina’s guidelines. Sequenc-
ing of the V3–V4 regions was performed on an Illumina MiSeq platform using a 2 × 300 bp
paired-end run.

Raw sequence reads were deposited in the NCBI Sequence Read Archive (SRA) under
BioProject accession number PRJNA1119175 in FASTQ format (https://www.ncbi.nlm.nih.
gov/bioproject/PRJNA1119175, accessed on 14 August 2025).

2.5. Bioinformatics and Statistical Analysis

Sequence data were processed using QIIME2 software, version 2022.8 (http://qiime2
.org/; accessed on 1 August 2025) [71]. On average, 118,339 read pairs per sample were ob-
tained before filtering. Raw reads were denoised with the DADA2 algorithm implemented
in QIIME2 [72]. After quality filtering and removal of chimeric and phiX sequences, an
average of 17,870 joined read pairs per sample remained. Taxonomic classification was
performed using the SILVA 138 database (99% OTUs) and a Naive Bayes classifier [73]. The
number of observed features ranged from 601 to 1030.

Alpha (α) diversity, reflecting richness and evenness of the bacterial community,
was estimated by using Chao1, Shannon, and Simpson indices. Beta (β) diversity, repre-
senting differences in microbial community composition among samples, was assessed
using weighted and unweighted UniFrac distances and visualised by non-metric mul-
tidimensional scaling (nMDS). Venn diagrams were constructed with Creately software
(https://creately.com/lp/venn-diagram-maker/; accessed on 1 August 2025).

Statistical analyses were performed with Statistica 13 (TIBCO Software Inc. 2017,
Palo Alto, CA, USA). Fisher’s least significant difference (LSD) test was used to evaluate
treatment effects. Mean comparisons were conducted with Tukey’s HSD, and Spearman’s
rank correlation coefficients were also calculated.
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3. Results

3.1. Diversity of Rhizosphere Communities

Sequencing of the 16S rRNA gene from 10 rhizosphere samples generated 1,122,256 raw
reads. After denoising and chimera removal, 703,550 sequences were retained for downstream
analyses. Sequences with >97% similarity were clustered into OTUs, which were assigned
to 32 phyla, 98 classes, 229 orders, 346 families, and 587 genera. Rarefaction curves based
on normalised OTU counts nearly reached saturation for all samples, indicating sufficient
sequencing depth and comprehensive coverage of the bacterial communities (Figure S1).

Bacterial diversity and richness were evaluated using α- and β-diversity metrics
(Table 2, Figure 1).

Table 2. The α-diversity indices for M×g rhizospheric microbial communities.

Treatment Observed Features Chao1 Shannon Index Simpson Index Faith PD

Control soil 1054 ± 148 1062 ± 147 8.74 ± 0.18 0.994 ± 0.001 82.5 ± 8.96

Zn-spiked soil 709 ± 130 * 718 ± 135 * 8.46 ± 0.39 0.995 ± 0.002 64.3 ± 9.64

Oil sludge-spiked soil 575 ± 202 * 582 ± 208 * 8.26 ± 0.43 0.995 ± 0.001 49.3 ± 14.8 *

Zn- & oil sludge-spiked soil 814 ± 207 822 ± 211 8.77 ± 0.35 0.997 ± 0.001 * 71.9 ± 15.8

Notes: PD—phylogenetic diversity; *—significantly different compared control at p < 0.05.

 

Figure 1. NMDS for M×g rhizosphere bacterial communities: •—control soil; �—Zn-spiked soil;
�—oil sludge-spiked soil; �—Zn- & oil sludge-spiked soil.

The α-diversity of rhizosphere bacterial communities was assessed using species rich-
ness indices (Chao1, Shannon, and Simpson) and Faith’s phylogenetic diversity (Table 2).
The rhizobacterial community of M×g grown in control soil exhibited the greatest richness,
as indicated by the observed features and Chao1 indices. Rhizobacterial community of
plants grown in Zn-spiked and oil sludge-spiked soils showed significantly reduced rich-
ness (observed features: p = 0.04; Chao1: p = 0.007). The lowest overall richness, including
phylogenetic diversity (Faith PD, p = 0.008), was recorded in oil sludge-spiked soil. By
comparison, the highest diversity was detected in rhizobacterial communities from plants
grown in Zn- and oil sludge-co-contaminated soil, where both Shannon and Simpson
indices reached their maximum values.

Non-metric multidimensional scaling (nMDS) visualisation further demonstrated that
soil treatment significantly shaped the composition of M×g rhizosphere communities, with
clear clustering of samples according to treatment (Figure 1).
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3.2. Taxonomic Structure of Rhizosphere Communities

MiSeq sequencing revealed that the M×g rhizosphere communities comprised
587 bacterial genera belonging to 346 families across 32 phyla. The predominant bac-
terial phyla under different contamination conditions are shown in Figure 2.
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Figure 2. Relative abundance of bacterial communities at the phylum level in the rhizosphere of
M×g grown in control and contaminated soils. Note: OS—oil sludge.

The rhizosphere bacterial community of M×g grown in control loamy leached chernozem
was dominated by bacteria rather than archaea. Across all samples, the dominant phyla were
Pseudomonadota (13 ± 2.5% to 39 ± 4.1%), Actinobacteriota (12 ± 0.1% to 27 ± 5.5%), and
Firmicutes (13 ± 0.8% to 27 ± 0.6%). However, their relative abundances varied depending
on the type of contaminant. A high proportion of Firmicutes in the control soil was associated
with the use of material stored without moistening for one year. Contamination with both
heavy metal and hydrocarbons reduced the abundance of Firmicutes, although this group
remained dominant.

Statistical analysis confirmed that soil treatments significantly influenced the composi-
tion of M×g rhizosphere communities (Figure 1). The addition of contaminants decreased
the proportion of Firmicutes, with oil sludge exerting a stronger effect than Zn (Figure 2).
Zn contamination significantly (p < 0.05) increased the proportions of Actinobacteriota
(by 54%), Pseudomonadota (by 37%), and Bacteroidota (by 69%), while decreasing those
of Firmicutes (by 45%), Planctomycetota (by 51%), and Acidobacteriota (by 20%). Con-
versely, oil sludge contamination promoted the growth of Pseudomonadota (by 186%),
Acidobacteriota (by 84%), and Verrucomicrobia (by 56%), while reducing the abundance
of Actinobacteriota (by 41%), Bacteroidota (by 46%), Chloroflexota (by 51%), Firmicutes
(by 52%), and Gemmatimonadetes (by 54%). The taxonomic profile of communities under
mixed contamination was intermediate, reflecting the combined but distinct impacts of
each contaminant.

Family-level taxa identified in control, Zn-spiked, oil sludge-spiked, and Zn- and oil
sludge-co-spiked soils are listed in Table S1. Statistically significant differences were ob-
served in the community composition of oil sludge-spiked soil compared with Zn-spiked soil
(LSD = 0.025299), control soil (LSD = 0.021431), and co-contaminated soil (LSD = 0.030404).

Quantitative characteristics of predominant taxa (≥0.5%) identified at the genus level,
including members with potential roles as Zn and oil sludge detoxifiers and/or plant
growth promoters, are shown in Figure 3.
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Phyllum Family and genus Control Zn Oil sludgen+Oil sludg
Acidobacteriota o__Acidobacteriales;__;__ 0.01 ± 0.00 0.06 ± 0.02 0.71 ± 0.46 0.28 ± 0.08

f__Acidobacteriaceae_(Subgroup_1);__ 0.18 ± 0.08 0.00 ± 0.00 0.55 ± 0.06 0.15 ± 0.04
g__Candidatus_Koribacter 0.24 ± 0.06 0.34 ± 0.18 2.25 ± 0.99 0.45 ± 0.00
f__uncultured;g__uncultured 1.81 ± 0.18 2.04 ± 0.24 4.59 ± 1.97 0.86 ± 0.14
f__Bryobacteraceae;g__Bryobacter 1.79 ± 0.02 2.14 ± 0.68 2.61 ± 0.15 2.30 ± 0.21
g__Candidatus_Solibacter 1.33 ± 0.68 0.90 ± 0.68 1.58 ± 0.66 1.28 ± 0.09
f__Blastocatellaceae;g__uncultured 0.40 ± 0.09 0.06 ± 0.05 0.61 ± 0.24 0.02 ± 0.01
f__Pyrinomonadaceae;g__RB41 0.20 ± 0.09 0.03 ± 0.02 0.81 ± 0.60 0.00 ± 0.00
o__Vicinamibacterales;f__uncultured;g__unculture 0.61 ± 0.04 0.54 ± 0.20 0.41 ± 0.01 0.14 ± 0.03
g__Vicinamibacteraceae 0.71 ± 0.26 0.10 ± 0.09 0.15 ± 0.08 0.04 ± 0.02

Actinobacteriota g__Mycobacterium 0.03 ± 0.01 0.00 ± 0.00 1.40 ± 0.70 1.19 ± 0.67
g__Williamsia 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.52 ± 0.09
g__Blastococcus 0.62 ± 0.13 0.39 ± 0.19 0.56 ± 0.03 0.48 ± 0.23
f__Intrasporangiaceae;__ 0.60 ± 0.18 1.25 ± 0.14 0.28 ± 0.01 0.54 ± 0.18
f__Microbacteriaceae;__ 0.13 ± 0.09 0.34 ± 0.02 0.47 ± 0.47 0.67 ± 0.32
g__Microbacterium 0.00 ± 0.00 0.00 ± 0.00 0.52 ± 0.10 0.30 ± 0.07
f__Micrococcaceae;__ 0.04 ± 0.03 1.08 ± 0.88 0.04 ± 0.02 0.21 ± 0.04
g__Pseudarthrobacter 1.07 ± 0.23 5.96 ± 1.81 0.53 ± 0.07 2.15 ± 0.88
f__Micromonosporaceae;__ 0.52 ± 0.26 0.38 ± 0.21 0.25 ± 0.12 0.28 ± 0.08
g__Dactylosporangium 0.54 ± 0.19 0.11 ± 0.06 0.00 ± 0.00 0.00 ± 0.00
g__Micromonospora 0.39 ± 0.22 2.14 ± 0.45 0.14 ± 0.09 0.32 ± 0.26
g__Nocardioides 0.26 ± 0.17 1.12 ± 0.95 0.00 ± 0.00 0.53 ± 0.29
g__Microlunatus 1.21 ± 0.28 1.21 ± 0.01 0.19 ± 0.07 0.25 ± 0.14
g__Pseudonocardia 0.08 ± 0.06 0.44 ± 0.35 0.68 ± 0.22 0.65 ± 0.01
g__Streptomyces 0.71 ± 0.60 0.62 ± 0.41 0.63 ± 0.26 0.07 ± 0.01
g__MB-A2-108 0.62 ± 0.10 0.90 ± 0.24 1.03 ± 0.46 1.32 ± 0.53
g__Rubrobacter 2.14 ± 0.18 1.62 ± 1.22 0.55 ± 0.11 0.92 ± 0.16
g__Gaiella 1.31 ± 0.08 1.29 ± 0.25 1.18 ± 0.45 1.05 ± 0.10
o__Gaiellales;f__uncultured;g__uncultured 3.34 ± 0.53 2.86 ± 0.16 2.02 ± 0.93 3.98 ± 0.67
o__Solirubrobacterales;f__67-14;g__67-14 0.7 5± 0.38 1.25 ± 0.24 0.12 ± 0.04 0.80 ± 0.09

Bacteroidota g__Chitinophaga 0.10 ± 0.03 0.52 ± 0.17 0.03 ± 0.02 0.25 ± 0.17
g__Flavisolibacter 0.72 ± 0.11 0.58 ± 0.07 0.07 ± 0.02 0.00 ± 0.00
g__Segetibacter 0.54 ± 0.06 0.41 ± 0.32 0.14 ± 0.09 0.23 ± 0.01
f__Chitinophagaceae;g__uncultured 0.48 ± 0.03 0.81 ± 0.04 0.19 ± 0.09 0.35 ± 0.18
g__Mucilaginibacter 0.03 ± 0.02 0.09 ± 0.07 0.76 ± 0.02 0.88 ± 0.15

Chloroflexota f__Roseiflexaceae;g__uncultured 1.58 ± 1.28 0.01 ± 0.01 0.97 ± 0.18 0.04 ± 0.02
f__JG30-KF-CM45;g__JG30-KF-CM45 2.09 ± 0.23 2.72 ± 0.01 1.64 ± 0.09 1.96 ± 0.14
f__KD4-96;g__KD4-96 1.16 ± 0.41 1.05 ± 0.56 0.35 ± 0.04 1.03 ± 0.11
f__C0119;g__C0119 1.49 ± 0.43 2.13 ± 0.31 0.37 ± 0.12 0.25 ± 0.18
f__TK10;g__TK10 0.90 ± 0.35 0.28 ± 0.22 0.19 ± 0.09 0.01 ± 0.00

Cyanobacteriota g__Obscuribacter 0.01 ± 0.00 0.09 ± 0.01 0.16 ± 0.07 0.65 ± 0.19
Firmicutes g__Bacillus 24.64 ± 0.46 12.9 6 ±4.15 12.14 ± 0.34 12.48 ± 0.35
Gemmatimonadota f__Gemmatimonadaceae;__ 1.24 ± 0.04 0.41 ± 0.04 0.99 ± 0.27 0.07 ± 0.04

g__Gemmatimonas 4.39 ± 0.02 4.19 ± 0.24 1.20 ± 0.16 0.87 ± 0.49
f__Gemmatimonadaceae;g__uncultured 3.30 ± 0.49 3.03 ± 1.30 2.07 ± 0.28 1.80 ± 0.49

Myxococcota g__Haliangium 0.99 ± 0.74 0.61 ± 0.14 0.16 ± 0.05 0.41 ± 0.12
g__Pajaroellobacter 0.14 ± 0.09 0.62 ± 0.60 0.03 ± 0.02 0.22 ± 0.10

Nitrospirota g__Nitrospira 0.50 ± 0.08 0.69 ± 0.18 0.14 ± 0.04 0.08 ± 0.03
Patescibacteria f__LWQ8;g__LWQ8 0.14 ± 0.02 0.69 ± 0.02 0.07 ± 0.04 0.46 ± 0.12

g__Saccharimonadales 0.52 ± 0.07 0.58 ± 0.24 0.04 ± 0.02 0.20 ± 0.07
Planctomycetota g__WD2101_soil_group 3.31 ± 0.94 0.82 ± 0.15 2.88 ± 1.01 1.30 ± 0.38
Pesudomonadota c__Alphaproteobacteria;__;__;__ 0.05 ± 0.01 0.66 ± 0.40 0.29 ± 0.11 0.77 ± 0.08

f__Acetobacteraceae;__ 0.00 ± 0.00 0.00 ± 0.00 0.69 ± 0.33 0.42 ± 0.07
g__Phenylobacterium 0.12 ± 0.00 0.57 ± 0.18 0.18 ± 0.09 0.07 ± 0.03
g__Dongia 0.05 ± 0.06 0.08 ± 0.04 0.13 ± 0.03 0.81 ± 0.29
f__Micropepsaceae;g__uncultured 0.37 ± 0.13 0.81 ± 0.62 1.46 ± 0.04 1.02 ± 0.12
g__Parvibaculum 0.00 ± 0.00 0.00 ± 0.00 1.75 ± 0.36 1.06 ± 0.58
f__Beijerinckiaceae;__ 0.52 ± 0.28 0.20 ± 0.02 0.43 ± 0.15 0.01 ± 0.00
g__Methylobacterium-Methylorubrum 0.00 ± 0.00 0.36 ± 0,11 0.03 ± 0.01 0.60 ± 0.08
g__Mesorhizobium 0.30 ± 0.14 0.57 ± 0.06 0.69 ± 0.00 1.00 ± 0.39
f__Xanthobacteraceae;__ 0.76 ± 0.02 0.31 ± 0.07 1.29 ± 0.33 0.77 ± 0.04
g__Pseudolabrys 0.53 ± 0.17 0.68 ± 0.24 0.48 ± 0.02 0.22 ± 0.04
g__Sphingomonas 1.73 ± 1.03 3.39 ± 1.50 5.97 ± 0.66 5.34 ± 0.98
g__KCM-B-112 0.00 ± 0.00 0.00 ± 0.00 6.65 ± 2.61 3.93 ± 3.06
g__Burkholderia-Caballeronia-Paraburkholderia 0.04 ± 0.02 0.30 ± 0.00 0.53 ± 0.15 1.20 ± 0.20
f__Comamonadaceae;__ 0.31 ± 0.06 0.06 ± 0.02 0.73 ± 0.09 0.12 ± 0.02
g__Ellin6067 0.36 ± 0.21 0.23 ± 0.13 0.97 ± 0.00 0.13 ± 0.07
g__MND1 0.61 ± 0.44 0.61 ± 0.16 0.40 ± 0.09 0.00 ± 0.00
f__Oxalobacteraceae;__ 0.77 ± 0.08 0.29 ± 0.20 1.18 ± 0.07 0.60 ± 0.02
g__Massilia 0.42 ± 0.09 0.44 ± 0.10 0.68 ± 0.26 0.09 ± 0.04
g__Noviherbaspirillum 0.20 ± 0.09 0.30 ± 0.04 0.51 ± 0.15 0.05 ± 0.02
f__SC-I-84;g__SC-I-84 0.78 ± 0.03 0.97 ± 0.18 1.19 ± 0.45 0.40 ± 0.05
f__Porticoccaceae;g__C1-B045 0.00 ± 0.00 0.00 ± 0.00 0.49 ± 0.08 0.90 ± 0.01
g__Aquicella 0.18 ± 0.08 1.10 ± 0.58 0.54 ± 0.06 0.41 ± 0.03
g__Acidibacter 0.11 ± 0.05 0.01 ± 0.01 1.11 ± 0.84 0.26 ± 0.04
g__Immundisolibacter 0.00 ± 0.00 0.00 ± 0.00 0.82 ± 0.38 0.29 ± 0.08
g__Legionella 0.02 ± 0.01 0.07 ± 0.04 0.08 ± 0.01 0.83 ± 0.55
g__Cavicella 0.00 ± 0.00 0.01 ± 0.00 0.26 ± 0.16 0.50 ± 0.28
g__Pseudomonas 0.04 ± 0.02 0.00 ± 0.00 0.07 ± 0.05 0.63 ± 0.06
f__Rhodanobacteraceae;__ 0.02 ± 0.01 0.36 ± 0.16 0.19 ± 0.07 0.61 ± 0.06
g__Rhodanobacter 0.17 ± 0.09 0.59 ± 0.30 0.00 ± 0.00 2.38 ± 0.21
g__Lysobacter 0.22 ± 0.09 0.23 ± 0.09 0.53 ± 0.19 0.00 ± 0.00

Verrucomicrobiota g__Neochlamydia 0.03 ± 0.01 0.32 ± 0.18 0.00 ± 0.00 0.65 ± 0.44
f__Chthoniobacteraceae;g__Candidatus_Udaeob 1.46 ± 0.28 1.13 ± 0.27 2.23 ± 0.31 0.80 ± 0.32
f__Xiphinematobacteraceae;g__Candidatus_Xiph 0.61 ± 0.08 0.06 ± 0.04 0.42 ± 0.25 0.15 ± 0.02
g__Pedosphaeraceae 0.26 ± 0.11 0.58 ± 0.03 0.73 ± 0.27 0.44 ± 0.23

Figure 3. Effect of Zn and oil sludge on the relative abundance of predominant genus-level OTUs in
the rhizosphere of M×g. Values significantly different from the control are indicated in red (higher)
or blue (lower) at p ≤ 0.05.
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Among the Actinobacteriota, the dominant orders in the M×g rhizosphere were Micro-
coccales and Gaiellales, each maintaining a relative abundance of ~4% across all treatments.
The predominant families included Micrococcaceae, Micromonosporaceae, Rubrobacte-
riaceae, Gaiellaceae, and an uncultivated family within Gaiellales. Zn contamination
promoted Actinobacteriota growth, showing strong correlations with increased propor-
tions of Intrasporangiaceae (2.4-fold; R2 = 0.830, p < 0.05) and Micrococcaceae (6.4-fold;
R2 = 0.976, p < 0.05). Enrichment of the rhizosphere with Pseudarthrobacter (Micrococ-
caceae), Micromonospora (Micromonosporaceae), and Nocardioides (Nocardioidaceae) was
also observed, with increases of 5.6-, 5.5-, and 4.3-fold, respectively (Figure 3).

In contrast, oil sludge reduced the abundance of several Actinobacteriota families. In oil
sludge-spiked soil, Intrasporangiaceae, Micrococcaceae, Rubrobacteriaceae, Micromonospo-
raceae, Nocardioidaceae, and Propionibacteriaceae decreased by 2.0-, 2.0-, 3.9-, 5.8-, 2.8-, and
6.5-fold, respectively, compared with the control (Table S1). Strong correlations were detected
between oil sludge presence and increased proportions of OTUs affiliated with Nocardiaceae
(R2 = 0.995, p < 0.05) and Microbacteriaceae (R2 = 0.959, p < 0.05). Oil sludge also promoted
the growth of Microbacterium and Mycobacterium (Figure 3).

The effects of oil sludge, both alone and in combination with Zn, significantly increased
the proportions of families within the phylum Proteobacteriota, particularly those belonging to
Alphaproteobacteria. In oil sludge-spiked soils, Alphaproteobacteria families were enriched as
follows: Sphingomonadaceae (3.4-fold), Xanthobacteraceae (1.3-fold), Micropepsaceae (3.8-fold),
Rhizobiaceae (2.2-fold), and Parvibaculaceae (2.2-fold) (R2 = 0.990, p < 0.05). Betaproteobacteria
also increased, with Burkholderiaceae (13-fold), Oxalobacteraceae (1.7-fold), and Comamon-
adaceae (1.4-fold) showing enrichment (R2 = 0.955, p < 0.05). Within Gammaproteobacte-
ria, increases were observed in Acidithiobacillaceae, Porticoccaceae, and Xanthomonadaceae
(R2 = 0.950, p < 0.05), compared to the control.

At the genus level, the most notable increases under oil sludge contamination included
KCM-B-112 (Acidithiobacillaceae), Sphingomonas (Sphingomonadaceae), uncultured Mi-
cropepsaceae, Parvibaculum (Parvibaculaceae), Acidibacter, Noviherbaspirillum (Oxalobacter-
aceae), SC-I-84, C1-B045 (Porticoccaceae), Immundisolibacter (Immundisolibacteraceae), and
Lysobacter (Xanthomonadaceae) (Figure 3). Zn contamination also significantly increased
the abundance of Micropepsaceae (1.3-fold), Sphingomonadaceae (1.9-fold), Burkholderi-
aceae (7.5-fold), and Rhodanobacteraceae (2.0-fold) compared to the control.

Genera enriched under Zn treatment included Sphingomonas (Sphingomonadaceae),
Aquicella (Diplorickettsiaceae), SC-I-84 (Burkholderiales order), Methylobacterium-Methylorubrum
(Beijerinckiaceae), and Phenylobacterium (Caulobacteraceae) (Figure 3). Under mixed con-
tamination, the proportions of Rhizobiaceae, Sphingomonadaceae, Burkholderiaceae, and
Rhodanobacteraceae were significantly higher (R2 = 0.999, p < 0.05), while Nitrosomon-
adaceae (SC-I-84 genus) was reduced compared with the other treatments. Genera enriched
in Zn- and oil sludge-co-contaminated soils included Sphingomonas (Sphingomonadaceae),
KCM-B-112 (Acidithiobacillaceae), Burkholderia-Caballeronia-Paraburkholderia (Burkholderiaceae),
Rhodanobacter (Rhodanobacteraceae), Mesorhizobium (Rhizobiaceae), Pseudomonas (Pseudomon-
adaceae), and Legionella (Legionellaceae) (Figure 3).

Oil sludge also strongly promoted Acidobacteriota. The abundance of Koribacteraceae
increased by 838% (R2 = 0.984), while uncultivated Acidobacteriales increased by 154%
(R2 = 0.969). In contrast, Zn, either alone or in combination with oil sludge, did not
significantly affect Acidobacteriota (Table S1). Within this phylum, the genera Bryobacter,
Candidatus_Koribacter, and Candidatus_Solibacter were significantly enriched in oil sludge-
spiked soil (Figure 3).

Within the Bacteroidota phylum, oil sludge altered community structure by greatly in-
creasing Sphingobacteriaceae (19-fold under oil sludge, 25-fold under Zn + oil sludge), with
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Mucilaginibacter emerging only under oil sludge (Figure 3). In contrast, Chitinophagaceae
decreased (4.3-fold under oil sludge, 1.4-fold under Zn + oil sludge), with Flavisolibac-
ter disappearing under oil sludge exposure (Figure 3). Zn contamination alone did not
significantly affect Bacteroidota composition.

The Chloroflexota phylum showed marked reductions in predominant families under
oil sludge contamination, while Zn contamination had no significant effect. Oil sludge also
reduced Bacillaceae abundance in the M×g rhizobacterial community by twofold, with
similar reductions under Zn and mixed contamination. Bacillaceae abundance was closely
correlated with the presence of oil sludge (R2 = 0.953, p < 0.05). In addition, oil sludge re-
duced Gemmatimonadaceae abundance by 2.2-fold, with a further 3.4-fold decrease under
Zn + oil sludge co-contamination. Both Zn and mixed contamination supressed members
of the Planctomycetota phylum, significantly reducing the predominant unspecified family
of the WD2101 order by 4.0- and 2.5-fold, respectively (Figure 3).

3.3. Common and Unique Taxa Among Rhizosphere Bacterial Communities

Comparative analyses were performed to identify OTUs common or specific to
the rhizosphere of M×g under control contamination treatments (Figure 4). A total of
126 genera were shared across all conditions, representing approximately one-third of the
rhizosphere communities.

 

Figure 4. Venn diagram of common and unique (in parentheses) OTUs at the genus level in the
rhizosphere bacterial communities of M×g grown in control and contaminated soils.

Control and mixed-contaminated soils exhibited the highest total number of OTUs at the
genus level, as well as the largest number of unique genera (Figure 4). In control soil, only 38.1%
of genera were shared with other treatments, while 18.4% (61 genera) were unique. These taxa
were mainly affiliated with Firmicutes (9 genera), Gammaproteobacteria (8), Verrucomicrobiota (7),
Myxococcota (6), Alphaproteobacteria (6), and Patescibacteria (5) (Table S2).

The Zn-spiked rhizosphere soil shared 40.8% of genera with other treatments, with 14.2%
(44 genera) unique. Unique taxa in this soil were primarily affiliated with Firmicutes (9 genera),
Bacteroidota (6), Alphaproteobacteria (6), Actinobacteriota (5), and Patescibacteria (5) (Table S3).

Oil sludge-spiked rhizosphere soil contained 47.4% of genera in common with other
treatments, with the lowest proportion of unique taxa (12.0%; 32 genera). Unique genera
were mainly Alphaproteobacteria (11 genera), with no unique Firmicutes detected (Table S4).

Rhizosphere soil co-contaminated with Zn and oil sludge had the highest total number
of genera (344), of which only 36.6% were shared with other treatments. This community
also contained the largest proportion of unique taxa (20.6%; 71 genera; Table S5). These
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were predominantly Gammaproteobacteria (20 genera), Actinobacteriota (12), Firmicutes (12),
and Bacteroidota (6).

3.4. Plant-Growth Promoting and Contaminant-Tolerant Microbial Strain Isolation

From polluted rhizosphere samples, 76 microbial strains were isolated and screened
for heavy metal resistance and plant growth-promoting traits, including nitrogen fixation,
phosphorous solubilisation, and production of siderophores and phytohormones. Of
these, 12 isolates were resistant to Pb2+ or Zn2+ at concentrations >5 mM, 10 isolates
degraded paraffins, and 2 degraded phenanthrene. In addition, 33 isolates synthesised the
phytohormone IAA, 10 fixed atmospheric N2, 8 produced siderophores, and 2 solubilised
phosphorus. Isolates combining plant-growth-promoting and pollutant-resistance traits
were selected, identified, and are listed in Table 3.

Table 3. Microbial isolates with potential applications in bioremediation.

Isolate N2.5 Fixation P Mobilization
Siderophore
Production

IAA Synthesis

Resistance,
mM HC

Degradation
Zn2+ Pb2+

Chitinophaga sp. Zn19 + – + + 4.0 – –

Mycolicibacterium sp. Pb113 + – + + – ≥5.0 + (Phe)

Stenotrophomonas sp. Zn210 – – – ± ≥5.0 – + (alk)

Mesorhizobium sp. Pb210 + ++ ± + – 2.5 + (Phe)

Mycolicibacterium sp. Pb216 + – + + – 3.0 + (Phe)

Microbacterium sp. Pb24 + + – + – 3.0 –

Notes: HC—hydrocarbons; Phe—degradation of phenanthrene in Kiyohara’s test; alk—degradation of paraffines
on Bushnell–Haas’s medium.

4. Discussion

The ability of M×g to colonise and grow on marginal, disturbed, and polluted lands
without compromising biomass accumulation has attracted considerable attention [74].
Such adaptability is determined not only by plant genetics but also by the microorganisms
associated with its roots. Soil microorganisms are known to induce plant resistance to
adverse environmental conditions, including drought and anthropogenic pollution [75,76].
Plants selectively recruit microorganisms from surrounding soil that enhance their survival,
making root-associated microbiota crucial for successful colonisation and establishment [26].
Among these microorganisms, bacteria represent the most abundant group [77]. Accord-
ingly, this study investigated how bacterial community composition in the rhizosphere of
M×g is shaped by different types of soil contamination.

Our comparative analyses revealed that the rhizosphere microbiome of M×g was re-
organised under heavy metal, hydrocarbon, and mixed contamination, with patterns of
change depending on the type of pollutant. In Zn-spiked soil, overall microbial diversity
and the abundance of unique taxa decreased, consistent with previous reports [78]. The
most pronounced decreases were observed in Bacillus (Firmicutes), Rubrobacter (Actinobac-
teriota), Vicinamibacter (Acidobacteriota), and the WD2101_soil_group (Planctomycetota).
Conversely, Zn contamination stimulated the enrichment of Pseudarthrobacter, Micromonospora,
Nocardioides (Actinobacteriota), Sphingomonas, Methylobacterium-Methylorubrum, Aquicella
(Alphaproteobacteria), JG30-KF-CM45, C0119 (Chloroflexota), and Bryobacter (Acidobacte-
riota) (Figure 3). Similar metal-induced shifts in microbial community structure have been
documented [22,43,44,46]. For instance, Bourgeois et al. [43] found that M×g cultivation on
soils contaminated with persistent organic pollutants and heavy metals (Zn, Pb, Cu, and Cd)
promoted the growth of Rhizobiales, Nitrospira, Azospira, and Gemmatimonas, as well as fungi
of the phyla Glomeromycota and Mortierella. Pham et al. [44] reported that heavy metal
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contamination shifted rhizosphere bacterial communities towards opportunistic genera such
as Pseudomonas and Stenotrophomonas, though with only minor effects on overall diversity and
richness. Other studies have shown that bacterial diversity in the rhizosphere, rhizoplane, and
endosphere of M×g remains relatively stable under metal exposure, despite strong uptake
by roots [46]. Enrichment of Luteolibacter and Micromonospora in the endosphere under heavy
metal stress has been linked to improved plant performance [46]. Our findings align with
these observations, particularly the enrichment of Micromonospora in the M×g rhizosphere
under Zn contamination (Figure 3). Although resistance mechanisms of Micromonospora
to the metalloid TeO3

2− have been described [79], their bioremediation potential remains
largely unexplored.

Several taxa stimulated by Zn in our study are known to play dual roles in reme-
diation and plant growth promotion. These include Bacillus [80], Sphingomonas [35,81],
Pseudarthrobacter [82,83], and Micromonospora [84], all of which exhibit metal resistance and
contribute to phytostabilisatioin or phytoaccumulation processes.

Soil contaminated with oil sludge exhibited the lowest diversity and the fewest unique
taxa. The abundance of Bacillus (Firmicutes), Micromonospora, Pseudarthrobacter, Microluna-
tus, and Rubrobacter (Actinobacteriota), JG30-KF-CM45, KD4-96, and C0119 (Chloroflexota),
and Gemmatimonas (Gemmatimonadota) declined most notably under oil sludge contamina-
tion. In contrast, taxa stimulated by oil sludge included Candidatus_Koribacter, uncultured
Acidobacteriales, Bryobacter (Acidobacteriota), Mycobacterium (Actinobacteriota), Sphin-
gomonas, KCM-B-112, Parvibaculum, Acidibacter, Immundisolibacter, Mesorhizobium, as well
as representatives of Xanthobacteraceae and Oxalobacteraceae (Pseudomonadota) and
Candidatus_Udaeobacter (Verrucomicrobiota). Notably, Sphingomonas [85,86] and Mycobac-
terium [87,88] are established hydrocarbon degraders.

Our results on changes in the rhizosphere bacterial community of M×g are consistent
with previous findings. Nebeská et al. [48] reported a decline in Actinobacteriota, a predom-
inant phylum, and an increase in Verrucomicrobia, Bacterioides, and Acidobacteriota in the
rhizosphere community of M×g grown in oil-contaminated soil. Hydrocarbon degraders
such as Pseudomonas, Shinella, Altererythrobacter, Azospirillum, Mesorhizobium, and Dyella
were also enriched in Miscanthus-planted soils compared with unplanted controls [48].

Mixed contamination with Zn and oil sludge supported the highest diversity and
the largest number of unique taxa. Besides a reduction in Bacillus, the most promi-
nent feature was the enrichment of Proteobacteria members including Sphingomonas,
KCM-B-112, Rhodanobacter, Burkholderia-Caballeronia-Paraburkholderia, Mesorhizobium, Dongia,
and Pseudomonas. Comparative analysis of treatments suggested that taxa such as Rho-
danobacter and Pseudarthrobacter were primarily stimulated by Zn contamination, whereas
oil sludge promoted KCM-B-112, Sphingomonas, and Mycobacterium. Unique taxa in co-
contaminated soils = included Burkholderia-Caballeronia-Paraburkholderia, Mesorhizobium,
Dongia, and Pseudomonas.

Although only 2–5% of rhizosphere microorganisms directly promote plant growth [89],
plants selectively recruit beneficial taxa under stress [90]. Our metagenomic analysis re-
vealed several plant growth–promoting taxa in the M×g rhizosphere, including Bacillus
(Bacillaceae) [35,91], Sphingomonas (Sphingomonadaceae) [92], Mesorhizobium (Phyllobacte-
riaceae) [93], Pseudarthrobacter [82,83], and Micromonospora [84].

In addition to community-level analysis, we isolated strains from various taxa with
strong remediation potential. These isolates combined heavy metal resistance and/or
hydrocarbon-degrading capacity with plant-growth-promoting activity, making them
promising candidates for enhancing M×g performance on contaminated soils. Nonetheless,
validation in field conditions is required before practical applications can be confirmed.

34



Agronomy 2025, 15, 2232

Overall, this study characterised the taxonomic composition of the M×g rhizosphere
microbiome and its response to soil contamination. Future research should extend beyond
taxonomic profiling to include fungal communities and, importantly, functional characteri-
sation using metagenome-assembled genomes (MAGs) and metatranscriptomics. These
approaches will enable the linking of microbial taxa to ecologically relevant functions,
including plant growth promotion and pollutant resistance or degradation.

5. Conclusions

This comparative study of the M×g rhizosphere microbiome in soils spiked with Zn,
oil sludge, or both revealed pollutant-specific reorganisation of the rhizosphere bacterial
community. Both contaminants reduced microbial diversity when applied individually,
selectively stimulating or inhibiting particular taxa. Oil sludge induced more pronounced
taxonomic shifts than Zn and largely determined in the structure of communities un-
der mixed contamination. Specifically, Zn contamination increased the proportions of
Actinobacteriota, Pseudomonadota, and Bacteroidota, while decreasing Firmicutes, Planc-
tomycetota, and Acidobacteriota. In contrast, oil sludge promoted Pseudomonadota,
Acidobacteriota, and Verrucomicrobiota, but suppressed Actinobacteriota, Bacteroidota,
Chloroflexota, Firmicutes, and Gemmatimonadetes. The co-contaminated soil supported
the highest diversity and contained the greatest number of unique genera, particularly
Gammaproteobacteria, Actinobacteriota, Firmicutes and Bacteroidota.

The rhizosphere community of M×g under co-contamination harboured taxa with
hydrocarbon-degrading, heavy metal–tolerant, and plant-growth-promoting traits. Notably,
Sphingomonadaceae increased under all contamination scenarios, suggesting their involve-
ment in oil sludge degradation, Zn tolerance, and adaptation to the M×g rhizosphere.

In total, 76 strains were isolated from M×g rhizosphere and screened, of which several
exhibited combined metal resistance, hydrocarbon-degrading capacity, and plant growth–
promoting activities such as nitrogen fixation, phosphorus mobilisation, siderophore pro-
duction, and phytohormone synthesis.

Thus, M×g–associated rhizosphere microorganisms represent promising candidates
for the development of microbial bioagents to enhance plant growth and improve the
efficiency of soil remediation in contaminated environments.
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The following abbreviations are used in this manuscript:

ABTs Alcohol-benzene tars
DW Dry weight
DNA Deoxyribonucleic acid
IAA Indole-acetic acid
LB Luria–Bertani medium
LSD Least significant difference
M×g Miscanthus × giganteus
MAGs Metagenome-assembled genomes
MBCA Mono- and bicyclic aromatic hydrocarbons
MPC Maximum permissible concentration
NCBI National Centre for Biotechnology Information
nMDS Nonmetric multidimensional scaling
OTU Operational taxonomic unit
PAHs Polycyclic aromatic hydrocarbons
PCA Principal component analysis
PCR Polymerase chain reaction
rRNA Ribosomal ribonucleic acids
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giganteus on Soil Microbial Communities in Post-Military Soil. Sustainability 2018, 10, 4021. [CrossRef]

23. Nurzhanova, A.; Pidlisnyuk, V.; Abit, K.; Nurzhanov, C.; Kenessov, B.; Stefanovska, T.; Erickson, L. Comparative Assessment of
Using Miscanthus × giganteus for Remediation of Soils Contaminated by Heavy Metals: A Case of Military and Mining Sites.
Environ. Sci. Pollut. Res. 2019, 26, 13320–13333. [CrossRef]

24. Pidlisnyuk, V.; Erickson, L.; Stefanovska, T.; Popelka, J.; Hettiarachchi, G.; Davis, L.; Trögl, J. Potential Phytomanagement of
Military Polluted Sites and Biomass Production Using Biofuel Crop Miscanthus × giganteus. Environ. Pollut. 2019, 249, 330–347.
[CrossRef] [PubMed]

25. Pidlisnyuk, V.; Herts, A.; Khomenchuk, V.; Mamirova, A.; Kononchuk, O.; Ust’ak, S. Dynamic of Morphological and Physiological
Parameters and Variation of Soil Characteristics during Miscanthus × giganteus Cultivation in the Diesel-Contaminated Land.
Agronomy 2021, 11, 798. [CrossRef]

26. Gopal, M.; Gupta, A. Microbiome Selection Could Spur Next-Generation Plant Breeding Strategies. Front. Microbiol. 2016, 7, 1971.
[CrossRef] [PubMed]

27. Bakken, L. Culturable and Nonculturable Bacteria in Soil. In Modern Soil Microbiology; van Elsas, J.D., Trevors, J.T., Wellington, E.M.H., Eds.;
Marcel Dekker Inc.: New York, NY, USA, 1997; pp. 47–61. ISBN 978-0-8247-9436-1.

28. Vieira, F.C.S.; Nahas, E. Comparison of Microbial Numbers in Soils by Using Various Culture Media and Temperatures. Microbiol.
Res. 2005, 160, 197–202. [CrossRef]

29. Fan, D.; Schwinghamer, T.; Smith, D.L. Isolation and Diversity of Culturable Rhizobacteria Associated with Economically
Important Crops and Uncultivated Plants in Québec, Canada. Syst. Appl. Microbiol. 2018, 41, 629–640. [CrossRef]

30. Xu, Y.; Zheng, C.; Liang, L.; Yi, Z.; Xue, S. Quantitative Assessment of the Potential for Soil Improvement by Planting Miscanthus
on Saline-Alkaline Soil and the Underlying Microbial Mechanism. GCB Bioenergy 2021, 13, 1191–1205. [CrossRef]

31. Guo, Y.; Nishizawa, T.; Sakagami, N.; Fujimura, R.; Kamijo, T.; Ohta, H. Root Bacteriome of a Pioneer Grass Miscanthus Condensatus
along Restored Vegetation on Recent Miyake-Jima Volcanic Deposits. Rhizosphere 2021, 19, 100422. [CrossRef]

32. Zhao, C.; Yue, Y.; Guo, Q.; Wu, J.; Song, J.; Wang, Q.; Li, C.; Hu, Y.; Wang, S.; Yuan, N.; et al. Metagenomic Insights into the
Alteration of Soil N-Cycling-Related Microbiome and Functions under Long-Term Conversion of Cropland to Miscanthus. GCB
Bioenergy 2023, 15, 1105–1118. [CrossRef]

33. Kane, J.L.; Schartiger, R.G.; Daniels, N.K.; Freedman, Z.B.; McDonald, L.M.; Skousen, J.G.; Morrissey, E.M. Bioenergy Crop
Miscanthus × giganteus Acts as an Ecosystem Engineer to Increase Bacterial Diversity and Soil Organic Matter on Marginal Land.
Soil Biol. Biochem. 2023, 186, 109178. [CrossRef]

34. Kane, J.L.; Liseski, K.B.; Dang, C.; Freedman, Z.B.; Morrissey, E.M. Trade or Scavenge? Miscanthus-Microbiome Interactions
Depend upon Soil Fertility. Appl. Soil Ecol. 2024, 196, 105289. [CrossRef]

35. Chen, Z.-J.; Tian, W.; Li, Y.-J.; Sun, L.-N.; Chen, Y.; Zhang, H.; Li, Y.-Y.; Han, H. Responses of Rhizosphere Bacterial Communities,
Their Functions and Their Network Interactions to Cd Stress under Phytostabilization by Miscanthus spp. Environ. Pollut. 2021,
287, 117663. [CrossRef]

37



Agronomy 2025, 15, 2232

36. Li, D.; Voigt, T.B.; Kent, A.D. Plant and Soil Effects on Bacterial Communities Associated with Miscanthus × giganteus Rhizosphere
and Rhizomes. GCB Bioenergy 2016, 8, 183–193. [CrossRef]

37. Liu, Y.; Ludewig, U. Nitrogen-Dependent Bacterial Community Shifts in Root, Rhizome and Rhizosphere of Nutrient-Efficient
Miscanthus × giganteus from Long-Term Field Trials. GCB Bioenergy 2019, 11, 1334–1347. [CrossRef]

38. Zhao, C.; Li, X.; Yue, Y.; Hou, X.; Guo, Q.; Song, J.; Li, C.; Zhang, W.; Wang, C.; Hou, Y.; et al. Cropland-to-Miscanthus Conversion
Alters Soil Bacterial and Archaeal Communities Influencing N-Cycle in Northern China. GCB Bioenergy 2021, 13, 1528–1544.
[CrossRef]

39. Ma, L.; Rocha, F.I.; Lee, J.; Choi, J.; Tejera, M.; Sooksa-Nguan, T.; Boersma, N.; VanLoocke, A.; Heaton, E.; Howe, A. The Impact of
Stand Age and Fertilization on the Soil Microbiome of Miscanthus × giganteus. Phytobiomes J. 2021, 5, 51–59. [CrossRef]

40. Chen, Y.; Tian, W.; Shao, Y.; Li, Y.-J.; Lin, L.-A.; Zhang, Y.-J.; Han, H.; Chen, Z.-J. Miscanthus Cultivation Shapes Rhizosphere
Microbial Community Structure and Function as Assessed by Illumina MiSeq Sequencing Combined with PICRUSt and
FUNGUIld Analyses. Arch. Microbiol. 2020, 202, 1157–1171. [CrossRef]

41. Ji, N.; Liang, D.; Clark, L.V.; Sacks, E.J.; Kent, A.D. Host Genetic Variation Drives the Differentiation in the Ecological Role of the
Native Miscanthus Root-Associated Microbiome. Microbiome 2023, 11, 216. [CrossRef]

42. Zhang, B.; Penton, C.R.; Xue, C.; Quensen, J.F.; Roley, S.S.; Guo, J.; Garoutte, A.; Zheng, T.; Tiedje, J.M. Soil Depth and Crop
Determinants of Bacterial Communities under Ten Biofuel Cropping Systems. Soil Biol. Biochem. 2017, 112, 140–152. [CrossRef]

43. Bourgeois, E.; Dequiedt, S.; Lelièvre, M.; van Oort, F.; Lamy, I.; Ranjard, L.; Maron, P.A. Miscanthus Bioenergy Crop Stimulates
Nutrient-Cycler Bacteria and Fungi in Wastewater-Contaminated Agricultural Soil. Environ. Chem. Lett. 2015, 13, 503–511.
[CrossRef]

44. Pham, H.N.; Pham, P.A.; Nguyen, T.T.H.; Meiffren, G.; Brothier, E.; Lamy, I.; Michalet, S.; Dijoux-Franca, M.-G.; Nazaret, S.
Influence of Metal Contamination in Soil on Metabolic Profiles of Miscanthus × giganteus Belowground Parts and Associated
Bacterial Communities. Appl. Soil Ecol. 2018, 125, 240–249. [CrossRef]
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Abstract: Reducing the application of chemical fertilizers and remediating heavy metal
pollution in soil are important directions in current agricultural research. Utilizing the
plant-growth-promoting and remediation capabilities of bacteria can provide more envi-
ronmentally friendly assistance to agricultural production. In this study, the Burkholderia
alba YIM B08401 strain was isolated and identified from rhizospheric soil, subjected to
whole-genome sequencing and analysis, and its Cd2+ adsorption efficiency and characteris-
tics were confirmed using multiple experimental methods, including atomic absorption
spectrometry (AAS), Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS). The results showed
that the genome of strain YIM B08401 has a total length of 7,322,157 bp, a GC content
of 66.39%, and predicts 6504 protein-coding sequences. It contains abundant functional
genes related to nutrient conversion (phosphate solubilization, sulfur metabolism, zinc
solubilization, siderophore production), plant hormone regulation (indole-3-acetic acid
secretion, ACC deaminase production), phenolic acid degradation, root colonization, heavy
metal tolerance, pathogen antagonism, and the production of antagonistic secondary
metabolites. Additionally, strain YIM B08401 can specifically bind to Cd2+ through various
functional groups on the cell surface, such as C-O-C, P=O, and O-H, enabling biosorp-
tion. In conclusion, strain YIM B08401 is an excellent strain with plant-growth-promoting,
disease-resistant, and bioremediation capabilities, warranting further development as a
biofertilizer for agricultural applications to promote green and sustainable agricultural
development.

Keywords: Burkholderia alba; genome analysis; plant-growth promotion; heavy metals;
bioremediation

1. Introduction

With the rapid advancement of intensive modern agricultural production models, soil
ecosystems are facing unprecedented multiple stresses. Excessive application of chemical
fertilizers has increasingly exacerbated soil acidification and nutrient imbalance [1], while
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continuous cropping has led to phenolic acid accumulation and cropping obstacles, signifi-
cantly reducing arable land productivity [2,3]. Industrial activities have also caused heavy
metal pollution, such as cadmium (Cd) with high bioavailability, posing severe threats to
agricultural product safety, agricultural productivity, and human health [4–6]. Traditional
chemical remediation methods (e.g., lime amendment, chemical passivators), although ca-
pable of short-term pollution mitigation, often suffer from high costs and risks of secondary
contamination [7,8]. Against this backdrop, rhizospheric microorganisms have emerged as
a research hotspot in soil remediation due to their environmental friendliness and multi-
functionality. As core mediators of “plant-soil” interactions, rhizospheric microorganisms
enhance soil fertility and reduce heavy metal bioavailability through diverse mechanisms,
including nitrogen fixation, phosphate solubilization, plant hormone synthesis, and heavy
metal passivation [9–11]. These characteristics enable rhizospheric microorganisms to not
only boost crop yields but also act as “biological filters” in contaminated soil remediation,
achieving the dual goals of agricultural production and ecological security.

The Burkholderia represents a group of prominent plant-growth-promoting rhizobac-
teria (PGPR) with remarkable genetic and metabolic diversity. Certain strains within this
genus exhibit multifunctional capabilities, including phosphate solubilization, nitrogen
fixation, indole-3-acetic acid (IAA) production, pathogen antagonism, and heavy metal
adsorption, achieved through mechanisms such as quorum sensing, nutrient conversion,
and secondary metabolite synthesis [12–14]. These attributes enable Burkholderia strains to
facilitate plant growth and enhance tolerance to abiotic stresses. For instance, Burkholderia
sp. J62 has been shown to both absorb lead (Pb) and Cd from contaminated soils and signif-
icantly promote plant growth [15]. Burkholderia sp. LD-11 demonstrates dual functionality
in copper- or lead-contaminated soils, combining heavy metal adsorption with the secretion
of IAA, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, and siderophores. This
strain not only increases plant dry weight in polluted soils, but also enhances soil urease
activity and rhizobacterial community diversity [16]. Additionally, Burkholderia sp. Y4
can colonize rice root surfaces, enriching Cd ions through direct biosorption mediated by
-C=O and -NH/-C=O groups in amino acids and proteins. Concurrently, it promotes the
accumulation of essential elements (e.g., Fe, Mn) in rice while reducing Cd content [14].

However, the precise mining of rhizomicrobial functional potential still faces chal-
lenges. On one hand, the interaction mechanisms between microorganisms and plants
are complex, involving multi-dimensional networks such as signal recognition, metabolic
pathway regulation, and environmental adaptability. On the other hand, traditional pheno-
typic screening methods are insufficient to comprehensively decode functional genes and
metabolic pathways, limiting the directional optimization and application of strains [17–19].
In recent years, the rapid development of genomics, metabolomics, and synthetic biology
has provided new insights for addressing this challenge. Through whole-genome sequenc-
ing and functional annotation, it is possible to systematically uncover gene clusters related
to plant growth promotion, stress resistance, and biocontrol, screen key functional modules,
and evaluate their application potential, thereby laying a foundation for the development
of efficient multifunctional microbial inoculants [20–23].

This study focuses on Burkholderia alba YIM B08401, a strain previously isolated from
the rhizospheric soil of Pinus yunnanensis in Wuliang Mountain. Preliminary experiments
have confirmed its multifunctional capabilities, including phosphate solubilization, nitro-
gen fixation, siderophore secretion, ACC deaminase production, and pathogen antago-
nism [24]. To deeply dissect its molecular mechanisms, whole-genome sequencing was
performed, followed by comprehensive functional annotation using multi-database inte-
gration (COG (Clusters of Orthologous Groups of proteins), KEGG (Kyoto Encyclopedia
of Genes and Genomes), antiSMASH (Antibiotics and Secondary Metabolites Analysis
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Shell)) to systematically identify gene clusters associated with plant growth-promoting
functions. Meanwhile, phenotypic assays were conducted to validate the expression and
reliability of selected functional genes, ensuring their practical applicability. The find-
ings enrich the rhizomicrobial resource library with a high-value strain and provide a
theoretical foundation for designing “microbe-plant” synergistic remediation systems and
developing stress-resistant bioinoculants for yield improvement. Additionally, this research
contributes to driving the sustainable transition of agriculture from “chemical dependency”
to “biological-driven” models.

2. Materials and Methods

2.1. DNA Extraction, Identification, and Sequencing of Strain YIM B08401

The strain YIM B08401 was inoculated into NB medium and cultured at 30 ◦C with
shaking at 180 r/min for 24 h. The bacterial cells were harvested by centrifugation of the cul-
ture at 10,000 rpm for 15 min. Genomic DNA was extracted using a bacterial genome DNA
extraction kit following the manufacturer’s protocol (Thermo Fisher Scientific, Waltham,
MA, USA). The DNA samples were then fragmented into approximately 400 bp segments
using a Covaris M220 Focused-ultrasonicator (Thermo, Waltham, MA, USA) to construct
the library. Paired-end (PE150) sequencing of the prepared library was performed on an
Illumina sequencing platform (MajorBio, Shanghai, China).

2.2. Genome Assembly and Annotation of Strain YIM B08401

Genome assembly and annotation were performed following procedures described
previously [25]. The optimized sequencing reads were assembled using SOAPdenovo v2.04.
Plasmid identification in the bacterial genome assembly was conducted using PLASMe v1.1.
Plasmid sequences were further annotated via BLAST+ v2.3.0 and the PLSDB Database
v202106. For coding sequence (CDS) prediction, Glimmer v3.02, GeneMarkS v4.3, and
Prodigal v2.6.3 were employed. tRNA and rRNA were predicted using tRNAscan-SE
v2.0 and Barrnap v0.9, respectively. The predicted CDS were functionally annotated
against databases including NR (Non-Redundant Protein Database), Swiss-Prot (Swiss-Prot
Protein Knowledgebase), Pfam (Protein Families Database), COG, GO (Gene Ontology),
and KEGG. Additionally, carbohydrate-active enzymes (CAZymes) were predicted us-
ing the Carbohydrate-Active Enzymes database (CAZy Database v8), and biosynthetic
gene clusters (BGCs) responsible for secondary metabolite production were identified via
AntiSMASH v7.1.0.

2.3. Experiment on Root Colonization Ability of Strain YIM B08401

Tomato seeds with no adhesion, plump particles, and uniform size were selected.
The seeds were soaked in room-temperature water for 12 h, then disinfected in a sterile
workbench with 75% ethanol for 5 min, followed by immersion in 15% sodium hypochlorite
for 15 min. After disinfection, the seeds were transferred to a sterilized 50 mL centrifuge
tube, rinsed with sterile water, shaken for 5 s, and the supernatant was discarded. This
rinsing procedure was repeated three times before replacing it with a new centrifuge tube,
and the rinsing steps were continued. After a total of five centrifuge tube replacements, the
seeds were spread on sterile filter paper, transferred to Murashige and Skoog (MS) Medium
using sterile tweezers, and 50 seeds were evenly distributed per bottle of medium. The
cultures were placed in a light incubator with a 16 h light/8 h dark cycle at 26 ◦C, and
aseptic seedlings were obtained after 5–6 days [26]. The strain YIM B08401 was inoculated
into Luria-Bertani (LB) liquid medium and cultured with constant shaking at a constant
temperature for 24 h. After centrifugation, the bacterial cells were resuspended in sterile
ddH2O to prepare a bacterial suspension of strain YIM B08401 with an OD600 of 0.5. For
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inoculation, 100 mL of this bacterial suspension was used to immerse the roots of aseptic
tomato seedlings for 2 h, with 10 replicates performed. Subsequently, the inoculated
tomato seedlings were transferred to fresh MS medium for static culture for 2 days. Prior
to observation, the roots were rinsed with sterile ddH2O, and at least 20 root tips were
examined under a scanning electron microscope (SEM) to assess the colonization of strain
YIM B08401 [27].

2.4. Qualitative Assays for Enzyme Production by Strain YIM B08401

Chitinase screening medium formulation: 20 mL of 1% colloidal chitin solution,
3 g yeast extract, 3 g peptone, 0.5 g MgSO4·7H2O, 0.7 g KH2PO4, 0.3 g K2HPO4, 0.01 g
FeSO4·7H2O, 1000 mL distilled water, 20 g agar powder, pH 7. Preparation of colloidal
chitin: 2 g of chitin powder was dissolved in 45 mL pre-cooled concentrated hydrochloric
acid, followed by standing at 4 ◦C for 24 h. Then 300 mL of 50% ethanol was added to
obtain a flocculent mixture. The mixture was centrifuged at 4000 rpm for 20 min to collect
the precipitate, which was washed with distilled water until neutral and resuspended
in 200 mL of water to prepare 1% colloidal chitin. Strain YIM B08401 was activated and
inoculated onto the chitin medium; the formation of clear zones around colonies indicated
its ability to produce chitinase [28]. Xylanase screening medium formulation: 2 g xylan,
1 g KH2PO4, 2 g (NH4)2SO4, 0.5 g MgSO4·7H2O, 0.5 g NaCl, 18 g agar, 1000 mL distilled
water, natural pH. Preparation of Congo red solution (1 mg/mL): 1 g of Congo red was
weighed and dissolved in 1000 mL of distilled water, and the solution was stored at 4 ◦C for
later use. Activated strain YIM B08401 was inoculated onto the xylan screening medium
and cultured at 30 ◦C for 3 days. The plate was covered with Congo red solution and left
to stand for 15 min, then rinsed with 1 mol/L sodium chloride solution for 15 min. The
presence of clear zones around colonies was used to determine the strain’s ability to secrete
xylanase [29].

2.5. Cd Adsorption Assays of Strain YIM B08401

2.5.1. Cd2+ Adsorption by Strain YIM B08401

Strain YIM B08401 was inoculated into sterile NB medium and cultured at 30 ◦C with
shaking at 180 rpm until the optical density at 600 nm (OD600) reached 0.6, serving as the
seed solution. The seed solution was inoculated at a 1% inoculum ratio into NB liquid
media containing 0 mg/L, 100 mg/L, and 200 mg/L Cd2+, with uninoculated medium as
the blank control. Cultures were incubated at 30 ◦C and 180 rpm for 2 days, with three
replicates per treatment. After cultivation, the culture broth was centrifuged at 4500 rpm
for 15 min. The supernatant was collected, filtered through a 0.22 μm membrane, and the
Cd2+ concentration was measured using atomic absorption spectroscopy (AAS) to calculate
the strain’s adsorption efficiency. Meanwhile, the centrifuged bacterial cells were washed
three times with distilled water via centrifugation at 4500 rpm for 15 min, followed by
discarding the supernatant. The cell pellets were frozen at −80 ◦C for at least 5 h and
then lyophilized using a freeze-dryer to obtain lyophilized biomass. The experiment was
conducted from November 2023 to July 2024.

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Lyophilized bacterial cells from different Cd2+ concentrations were mixed with dry
powdered potassium bromide (KBr) at a 1:100 ratio. The mixture was uniformly spread into
a suitable disc, pressed at 800 MPa using a Fourier transform infrared (FTIR) spectrometer,
and spectral data were recorded. The FTIR peaks were scanned over a wavenumber range
of 4000 to 400 cm−1. The sample treated with 0 mg/L Cd2+ (lyophilized cells + KBr) served
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as the reference, and the treated samples were compared based on peaks indicating various
bond stretching and bending vibrations [30].

2.5.3. SEM-EDS Analysis

Bacterial cells and sediments were collected from the cultures described in Section 2.5.1.
(after incubation with different Cd2+ concentrations), washed three times with phosphate
buffer solution, and then fixed with 2.5% (v/v) glutaraldehyde solution for 12 h. The
samples were then dehydrated using an ethanol gradient series for purification, freeze-
dried into powder, and subjected to scanning electron microscopy with energy-dispersive X-
ray spectroscopy (SEM-EDS) to analyze morphological and elemental composition changes
before and after bacterial adsorption [31].

3. Results and Discussion

3.1. General Genome Characteristics and Strain Identification of YIM B08401

Strain YIM B08401 was isolated from the rhizosphere soil of Pinus armandii Franch
(100◦49′25′′ N, 24◦27′00′′ E) in Wuliangshan Mountain International Nature Reserve, Yun-
nan Province, China. Strain YIM B08401 showed the highest 16S rRNA gene sequence
similarity of 100.00% with the closest type strain Burkholderia alba AD18T. Furthermore, it
also showed high 16S rRNA similarities with B. oklahomensis C6786T (98.76%), B. rinojensis
A396T (98.69%) and B. plantarii ATCC 43733T (98.63%) by Ez-biocloud. The NJ evolutionary
tree based on 16S rRNA was constructed using MEGA 7.0, and the ML and MP evolutionary
tree was used for auxiliary identification. Combined with physiological and biochemical
results, strain YIM B08401 was identified as B. alba (Figure 1). However, B. alba AD18T had
been effectively published, and the taxonomic name has not been verified.

Figure 1. Phylogenetic trees of strain YIM B08401 based on 16S rDNA gene sequences. (A) Neighbor-
joining (NJ) method; (B) maximum likelihood (ML) method; (C) maximum parsimony (MP) method.

The genome of YIM B08401 contained 204 scaffolds with the total length of 7,322,157
bp and GC content of 66.39%. A total of 6504 protein-coding sequences (CDSs) were
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annotated, and 3 rRNAs and 63 tRNA were also predicted. In addition, 15 gene islands and
2 prophage regions were predicted by the IslandViewer and Phage Finder predictions of
the strains. The general genomic characteristics of strain YIM B08401 are shown in Table 1.
The round genome representing the entire genome assembly is shown in Figure 2.

Table 1. The genome characterization of YIM B08401.

The Characterization Value

Assembly information
The total length (bp) 7,322,157

Total scaffold No 204
Scaffold N50(bp) 201,844

Contigs 193
Conting N50 (bp) 143,587
G + C content (%) 66.39

Annotation information
CDSs (total) 6504

rRNA 3
tRNA 63

Mobile Genetic Element (MGE)
Gene island 15

Prophage regions 2
CRISPR-Cas 22

Insertion sequence 9
Tns 62

NCBI
BioProject ID PRJNA1027102
BioSample ID SAMN37776913

GeneBank accession number JAWJWL000000000

 

Figure 2. Circos genome map of strain YIM B08401. Note: The outermost circle indicates the genome
size. The second and third circles represent the coding sequences (CDS) on the positive and negative
strands, respectively, with different colors corresponding to different COG (Clusters of Orthologous
Groups) functional categories of the CDS. The fourth circle shows rRNA and tRNA. The fifth circle
denotes the GC content. The innermost circle represents the GC-Skew values.
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3.2. Genome Functional Annotation

The genome of strain YIM B08401 was functionally annotated using the NR, Swiss-
Prot, Pfam, COG, GO and KEGG databases. A total of 6504 genes were annotated, with
6284 genes annotated in the NR database, 4592 in Swiss-Prot, 5358 in Pfam, 5353 in COG,
3990 in GO, and 3196 in KEGG.

Annotation with the COG database identified 5353 genes in strain YIM B08401, repre-
senting 82.30% of all annotated genes (Figure 3A). These genes were hierarchically classified
into 4 major categories and 22 subcategories [32]. Given that some genes were assigned
to multiple categories, genes related to “Information Storage and Processing”, “Cellular
Processes and Signaling”, “Metabolism”, and “Poorly Characterized” accounted for 17.60%,
17.78%, 36.69%, and 27.93% of the total COG annotations, respectively. These results high-
light the metabolic activity of strain YIM B08401, indicating its capacity to support bacterial
growth by facilitating material synthesis, energy conversion, and metabolite production.
Among the 22 subcategories, excluding genes with unknown functions (27.93%), genes
involved in transcription (8.91%), amino acid transport and metabolism (8.83%), inorganic
ion transport and metabolism (5.83%), cell wall/membrane/envelope biogenesis (5.81%),
and carbohydrate transport and metabolism (5.54%) were highly abundant. Notably, the
high proportions of genes involved in amino acid transport and metabolism, as well as
inorganic ion transport and metabolism, suggest that strain YIM B08401 may possess
inherent capabilities to compete with other microorganisms [33,34]. Furthermore, previ-
ous studies have demonstrated that in plant growth-promoting bacteria such as Bacillus
velezensis SH-1471 and Pseudomonas qingdaonensis ZCR6, genes related to transcription and
amino acid transport/metabolism also constitute the most abundant gene groups [11,26].
Collectively, these characteristics indicate that strain YIM B08401 has potential advantages
in functional expression, environmental survival, and competitive nutrient acquisition.

The KEGG database annotated 3196 genes across six categories: metabolism, genetic in-
formation processing, environmental information processing, human diseases, organismal
systems, and cellular processes [35], representing 49.14% of all annotated genes (Figure 3B).
Despite overlapping annotations, the “Metabolism” category (2732 genes, 65.74%) harbored
the largest gene set, consistent with COG annotation results. Among the six categories,
excluding 1074 genes assigned to “Global and overview maps”, genes associated with
membrane transport (345 genes, 8.30%), amino acid metabolism (344 genes, 8.28%), and
carbohydrate metabolism (313 genes, 7.53%) were the most prevalent. These findings align
with GO and COG annotations, further validating the strain’s high abundance of genes
related to energy transport and biosynthesis.

Using the GO database, 3990 genes were annotated in strain YIM B08401, accounting
for 61.35% of the total annotated genes (Figure 3C). The database classified all annotated
genes into three main categories, with partial genes assigned to multiple categories: “Cellu-
lar Component” (1682 genes, 24.57%), “Molecular Function” (3349 genes, 48.92%), and “Bi-
ological Process” (1815 genes, 26.51%) [36]. Notably, nearly half of the annotated genes fell
under “Molecular Function”, indicating the strain’s rich functional expression and strong
potential for growth promotion. Among all annotated subcategories, the most abundant
were “integral component of membrane” (14.78%), “DNA binding” (7.21%), “ATP binding”
(5.57%), “cytoplasm” (4.78%), “plasma membrane” (4.5%), and “DNA-binding transcription
factor activity” (4.47%). A comparison with known plant growth-promoting rhizobacteria
revealed that strain YIM B08401 exhibits significantly higher abundances of genes associ-
ated with integral components of membrane, ATP binding, and DNA-binding transcription
factor activity compared to strains such as Bacillus velezensis SH-1471 and Bacillus subtilis
MG-1 [26,37]. These characteristics further confirm that strain YIM B08401 possesses re-
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markable functional versatility and metabolic activity, with distinct advantages particularly
in membrane-related functions, molecular interactions, and transcriptional regulation.

Figure 3. Functional annotation results of the YIM B08401 strain genome across databases. (A) COG
database; (B) KEGG database; (C) GO database (showing highly abundant categories among the
three classifications).

3.3. CAZyme Database Analysis

A total of 196 CAZyme-related enzymes were identified in the genome of YIM
B08401, including 64 Glycoside Hydrolases (GH), 54 GlycosylTransferases (GT), 1 Polysac-
charide Lyase (PL), 46 Carbohydrate Esterases (CE), 30 Auxiliary Activities (AA), and
1 Carbohydrate-Binding Module (CBM). Among these, families associated with chitin
degradation, starch hydrolysis, and cellulose degradation were detected, including GH18,
GH15, GH54, GH39, and GH3. Genomic mining further revealed the presence of the
chitinase synthesis gene chiA, which enables the conversion of exogenous chitin into
N-acetylglucosamine (GlcNAc) and GlcNAc monomer polymers, subsequently trans-
ported into bacterial cells [38]. GlcNAc is phosphorylated to GlcNAc-6P by NagK (N-
acetylglucosamine kinase encoded by nagK), then converted to glucosamine-6P and acetate
by NagA (N-acetylglucosamine-6-phosphate deacetylase encoded by nagA), where acetate
serves as a carbon source for bacterial growth. Additionally, glucosamine-6P is trans-
formed into fructose-6-phosphate by NagB (glucosamine-6-phosphate deaminase encoded
by nagB), with released NH3 utilized as a nitrogen source by the bacteria [39]. Qualitative
assays confirmed the production of chitinase and xylanase by strain YIM B08401 (Figure S2),
highlighting its potential for carbohydrate metabolism and utilization in ecological niches.

3.4. antiSMASH Database Analysis

Burkholderia species typically possess large and complex genomes with numerous
secondary metabolite biosynthesis clusters [40]. Using the antiSMASH database (with
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the MIBiG database as the reference dataset and stringent cluster detection), strain YIM
B08401 was analyzed for potential biosynthetic gene clusters (BGCs) (Table S1). Known-
ClusterBlast identified 21 secondary metabolite biosynthesis gene clusters, of which only 5
showed >85% similarity to known compound clusters, 10 exhibited <85% similarity, and
6 had no homology [41]. Studies indicate that BGCs with >85% similarity likely encode
the same compound as their closest known cluster, while those with <85% similarity may
harbor novel metabolites [42]. The five BGCs with >85% similarity include fragin (with
antifungal activity) [43]; ornibactin C8/C4/C6 (siderophores with pathogen-antagonistic
capabilities) [44]; icosalide A/B (antibiotics inhibiting insect pathogens) [45]; and rhizomide
A/B/C (with potential antibacterial activity) [46,47]. These predicted secondary metabo-
lites are all reported to inhibit pathogen growth, consistent with the strain’s antibacterial
results in previous studies [24], indicating a strong potential for YIM B08401 to synthesize
these compounds. Additionally, the clusters were predicted to contain homoserine lactones
(hserlactone), signaling molecules of the quorum-sensing system, aligning with the univer-
sal quorum-sensing capability of Burkholderia [48]. BGCs with <85% similarity represent
promising targets for discovering novel natural products. Heterologous expression could
be employed to further characterize its functional expression and uncover novel natural
secondary metabolites.

3.5. Plant Growth Promotion Potential
3.5.1. Phosphorus Transformation

Phosphorus is an essential element for plant growth, but large amounts of insoluble
phosphorus in soil cannot be absorbed by plant roots. Bacteria can leverage their microbial
characteristics to convert insoluble phosphorus into forms absorbable by plants. Phospho-
rus is also a vital nutrient for microbes, participating in the synthesis of cellular structures
(e.g., nucleic acids, lipids) and energy-supplying processes (e.g., the tricarboxylic acid cycle).
To ensure long-term phosphorus acquisition, microbes have evolved diverse regulatory
systems for phosphate uptake and utilization, with three well-characterized mechanisms:
inorganic phosphorus solubilization and organic phosphorus mineralization, phosphate up-
take and transport, and phosphorus starvation response regulation. A primary mechanism
of bacterial inorganic phosphorus solubilization involves secreting low-molecular-weight
organic acids to dissolve insoluble phosphorus by reducing pH, chelating cations bound to
phosphate, and competing for phosphorus absorption sites [49]. Examples of such organic
acids include gluconic acid (GA), oxalic acid, malic acid, and citric acid [50]. Goldstein
et al. proposed that gluconic acid is the main agent for inorganic phosphorus solubilization
in Gram-negative bacteria [51]. Gluconic acid synthesis requires glucose dehydrogenase
(GDH encoded by gcd) and the redox cofactor pyrroloquinoline quinone (PQQ encoded
by pqqABCDEF), which together convert glucose to gluconic acid. Genomic annotation
of YIM B08401 identified genes involved in gluconic acid synthesis (pqqBCDF, gcd, gdh),
indicating the strain’s potential to secrete gluconic acid-driven organic acids for insoluble
phosphate solubilization. Utilization of insoluble organic phosphorus relies on bacterial
phosphatases to mineralize organic phosphates. YIM B08401 harbors phoA and phnCDE-
FGHIJKLMN genes, conferring the potential to secrete alkaline phosphomonoesterase (EC:
3.1.3.1) and phosphonatases/carbon-phosphorus (C-P) lyases. C–P lyases enable microbes
to utilize phosphonates as the sole phosphorus source under phosphorus starvation [52].
Additionally, YIM B08401 possesses phosphate uptake-related genes (pit, pitA, PhoR-PhoB,
pstSCAB, PhoU), forming a low-affinity constitutive Pit system and a high-affinity phos-
phate starvation-induced Pst system. Details of phosphate-solubilizing genes are listed in
Table S2. Previous experiments showed that YIM B08401 solubilized 455.63 ± 59.65 mg/L
of phosphorus from tricalcium phosphate in a phosphorus-solubilizing medium after
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2 days and 18.46 ± 1.71 mg/L from lecithin after 3 days [24], confirming its phosphorus
solubilization capacity.

3.5.2. Nitrogen Fixation

In studies on whether the strain can participate in the nitrogen cycle, preliminary
experiments verified that strain YIM B08401 could grow on Ashby nitrogen-fixing bacte-
ria medium, demonstrating biological nitrogen fixation capacity [24]. Gene annotation
revealed genes related to the nitrogen cycle in the strain (Table S3), including nirB, which
encodes nitrite reductase involved in nitrate reduction. However, the genome of YIM
B08401 lacks genes directly associated with nitrogen fixation, though it possesses a gene
(iscU) with primary structural similarity to nifU. This gene may be involved in synthesizing
iron-sulfur (Fe-S) clusters required for nitrogenase [53,54].

3.5.3. Sulfur Metabolism

Multiple studies have demonstrated that hydrogen sulfide (H2S) acts as a gaseous
signaling molecule in various plant physiological processes, including promoting seed
germination, alleviating heavy metal toxicity, and mitigating effects of abiotic stresses
(e.g., high salinity, drought, and extreme temperatures) [55–58]. However, direct exogenous
supplementation of H2S in agricultural practice is challenging, making microbial-mediated
H2S production a promising research direction. Experimental validation confirmed that
strain YIM B08401 can utilize thiosulfate and convert it into H2S.

Genomic annotation of YIM B08401 revealed a gene pathway for assimilatory sul-
fate reduction (Figure 4). Sulfate is first converted to adenosine 5′-phosphosulfate (APS)
by sulfate adenylyltransferase (encoded by cysN), followed by transformation to 3′-
phosphoadenosine-5′-phosphosulfate (PAPS) via adenylylsulfate kinase (encoded by cysC).
PAPS is then reduced to sulfite by phosphoadenosine phosphosulfate reductase (encoded
by cysH), and finally converted to H2S by sulfite reductase (NADPH) flavoprotein alpha-
component (EC: 1.8.1.2, encoded by cysJ) [34]. Additionally, the sqr gene, a marker for
sulfide oxidation, encodes sulfide: quinone oxidoreductase, which catalyzes the oxidation
of sulfide and reduction of ubiquinone [59]. YIM B08401 harbors a highly homologous sqr
gene, suggesting its potential for sulfur oxidation. Details of sulfur metabolism-related
genes are listed in Table S4.

Figure 4. Schematic diagram of the assimilatory sulfate reduction gene pathway. Red boxes indicate
genes possessed by strain YIM B08401.

3.5.4. Zinc Solubilization

Zinc, a trace element essential for living organisms, is the second most important
transition metal ion after iron. Its divalent ion form (Zn2+) serves as a cofactor for met-
alloproteins, participating in structural, catalytic, and regulatory functions. Zinc in soil
predominantly exists in insoluble forms, making it inaccessible to plants. Microbial zinc
solubilization can convert insoluble zinc into plant-available Zn2+. Burkholderia species are
Gram-negative bacteria that utilize multiple systems for zinc uptake, including the ZnuABC
transporter, ZIP protein family, and TonB system. zur, a key regulator of zinc homeostasis,
controls zinc uptake by activating high-affinity transporters under zinc-limiting conditions.
When zinc is abundant, low-affinity ZIP (ZRT, IRT-like proteins) family members like ZupT
mediate zinc uptake [60]. Under zinc deficiency, zur senses low zinc levels and activates
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the high-affinity ABC transporter znuABC, which specifically imports extracellular zinc for
bacterial utilization. Genomic annotation of YIM B08401 identified znuA and znuC genes
involved in forming the zinc-uptake ABC transporter, but znuB was absent, suggesting
this may not be the primary zinc uptake pathway for the strain. Additionally, the genome
harbors TonB system genes (tonB, exbB, exbD) associated with zinc uptake. Collectively,
YIM B08401 possesses a suite of genes related to zinc uptake and utilization (Table S5),
indicating its zinc solubilization potential. Experimental validation showed that the strain
solubilized 18.60 ± 4.19 mg/kg of zinc after 7 days [24], confirming its capacity to convert
insoluble zinc into bioavailable forms.

3.5.5. Siderophore Production

Iron, the most critical transition metal ion for living organisms, is an essential nutrient
for microbial growth. Siderophores, with their high affinity for Fe3+, chelate insoluble iron
into plant-available soluble forms. They also compete with pathogens for Fe3+, indirectly
reducing pathogen abundance. Previous studies have confirmed that strain YIM B08401
produces siderophores [24], though the specific type remains uncharacterized. Genomic
annotation revealed genes involved in synthesizing catechol-type siderophores Bacillibactin
and Enterochelin. These siderophores, which are encoded by entABCEF and dhbF genes,
function not only as potential antimicrobial agents but also as iron-chelating agents to
supply iron for bacterial growth. Details of the relevant genes are listed in Table S6.

3.5.6. Indole-3-Acetic Acid (IAA) Production

The genome of strain YIM B08401 harbors a complete pathway for tryptophan synthe-
sis encoded by trpABCDEFG genes (Figure 5), indicating the strain’s potential to produce
IAA without exogenous tryptophan supplementation. Genes involved in the second
and third steps of the indole pyruvic acid (IPA) pathway were identified, including ipdC
(encoding indolepyruvate decarboxylase [EC: 4.1.1.74]) and aldh (encoding aldehyde de-
hydrogenase [NAD+] [EC: 1.2.1.3]). Additionally, genes governing the final step of the
indoleacetamide (IAM) pathway, specifically amiE and iaaH, were annotated. These genes
encode amidase [EC: 3.5.1.4] and indoleacetamide hydrolase [EC: 3.5.1.-], respectively. Both
enzymes specifically hydrolyze indole-3-acetamide (IAM) into IAA and ammonia. Details
of IAA biosynthesis-related genes annotated in YIM B08401 are listed in Table S7.

 

Figure 5. Schematic diagram of the tryptophan biosynthesis gene pathway. Red boxes indicate genes
possessed by strain YIM B08401.
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3.5.7. Ethylene Regulation

Ethylene is a key phytohormone regulating plant growth and development, orches-
trating physiological processes and coordinating with other signaling pathways to me-
diate responses including fruit ripening, organ senescence, flowering, seed dormancy
and germination, root hair development, and biotic/abiotic stress responses. However,
excessive ethylene accelerates plant senescence, detrimentally affecting crop yield and
storage. One strategy to mitigate ethylene production involves the acdS-encoded enzyme
1-aminocyclopropane-1-carboxylate deaminase (ACCD), which catalyzes the conversion of
1-aminocyclopropane-1-carboxylate (ACC, the immediate precursor of ethylene) into am-
monia and α-ketobutyrate. This not only reduces ethylene biosynthesis but also provides
ammonia as a nitrogen source for plant growth [61,62].

Genomic annotation of strain YIM B08401 using the Swiss-Prot database identified the
presence of the acdS gene (Table S8). Blastp analysis of the translated protein revealed high-
est homology (89.35%) to ACCD from Paraburkholderia guartelaensis. Structural alignment
with functionally verified ACCD sequences highlighted conserved residues E295 (glutamic
acid) and L322 (leucine), which are critical for catalytic activity. These findings strongly
suggest that YIM B08401 harbors a functional ACCD enzyme. Experimental validation
demonstrated that YIM B08401 maintained viability when repeatedly subcultured on ADF
(ACC Deaminase Activity Assay Medium) [24], confirming its ability to utilize ACC as a
nitrogen source and further supporting its role in ethylene modulation. This mechanism
likely contributes to plant growth promotion and stress tolerance under adverse conditions.

3.5.8. Degradation of Phenolic Acids

Continuous monocropping in agriculture often leads to the accumulation of phenolic
acids (e.g., benzoic acid, p-hydroxybenzoic acid, salicylic acid, ferulic acid) secreted by
plant roots, which inhibit both plant growth and soil microbial activity, thereby contribut-
ing to replant disease. Microbial degradation of these compounds represents a promising
strategy to alleviate such obstacles. The genome of strain YIM B08401 harbors a complete
benzoate degradation pathway (Figure S1). Benzoic acid is sequentially converted to cate-
chol by the actions of benzoate 1,2-dioxygenase (encoded by benA-xylX) and dihydrodiol
dehydrogenase (encoded by benD-xylL). Through the ortho-cleavage pathway, catechol is
further metabolized via enzymes encoded by catB, catC, pcaD, pcaI, and fadA, ultimately
generating succinyl-CoA and acetyl-CoA, which enter the citric acid cycle to provide en-
ergy for microbial growth. Additional genes involved in this degradation process that are
present in the genome of strain YIM B08401 are listed in Table S9.

3.5.9. Root Colonization

The ability of plant growth-promoting microorganisms to colonize the rhizosphere is a
critical prerequisite for their effectiveness in promoting plant growth. Bacterial chemotaxis
serves as the primary driver of colonization; bacteria must first recognize chemical signals
from root exudates and exhibit chemotactic responses to migrate toward the rhizosphere
and aggregate for colonization. This process relies on bacterial motility, primarily mediated
by flagella, which enable movement and adhesion in response to chemotactic cues [63,64].
Genomic analysis of strain YIM B08401 identified a suite of genes associated with chemo-
taxis, including tar, tsr, trg, and aer (encoding chemotactic signal sensory proteins) and
cheABCDRWYZ (encoding regulatory proteins). Genes involved in flagellar assembly, in-
cluding flgABCDEEEFGHIKLMN, flhABCD, fliACDDEFGHIJKMNOPQRST, and motAB,
were also annotated. Collectively, these genes suggest that YIM B08401 possesses the
genetic machinery for rhizosphere colonization (Figure 6, Table S10). To validate this
potential, colonization assays were conducted, demonstrating that YIM B08401 successfully
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colonized the roots of tomato seedlings (Figure S3). This phenotypic result aligns with
genomic predictions, providing robust evidence for the strain’s chemotactic and motile
capabilities essential for root association.

Figure 6. Schematic diagram of flagellar assembly genes. Red boxes indicate genes present in strain
YIM B08401.
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3.5.10. Heavy Metal Adsorption

Heavy metal ions are typical inorganic pollutants, with cadmium (Cd) recognized as
one of the most toxic, posing lethal threats to humans and ecosystems [65,66]. Microbial-
based remediation leveraging metal tolerance and adsorption capabilities has emerged as a
research hotspot in environmental restoration due to its cost-effectiveness, minimal ecologi-
cal disturbance, and sustainability. Microorganisms employ diverse strategies to counteract
heavy metal stress, including biotransformation (e.g., valence alteration), complexation-
precipitation (e.g., extracellular polymeric substance binding), transmembrane transport
(e.g., efflux pumps), and intracellular detoxification (e.g., thiol compound chelation) [67,68].
Genomic annotation of strain YIM B08401 revealed numerous genes associated with toler-
ance, resistance, and transport of multiple heavy metals (e.g., Cd, Cu, Cr, Hg) (Table S11).
Key genetic determinants include glutathione (GSH) biosynthesis genes gshA (encoding
glutamate-cysteine ligase) and gshB (glutathione synthetase), which mediate intracellu-
lar detoxification by forming low-toxicity complexes with heavy metal ions (e.g., Cd2+,
Hg2+) via thiol (-SH) groups [69,70]. Phytochelatin (PCs) synthesis gene pcs-1 encodes
enzymes that chelate heavy metals through multiple thiol groups, thereby reducing their
bioavailability and toxicity [71]. The copper resistance system involves the two-component
regulatory system cusBR (sensing Cu2+ and activating downstream responses) and copA
(encoding a Cu-CPx type ATPase for active copper efflux), which collaboratively main-
tain intracellular copper homeostasis [72,73]. The RND (Resistance–Nodulation–Division)
transporter complex czcCBA mediates the efflux of divalent cations (Cd2+, Zn2+, Co2+) and
represents a critical resistance mechanism in Gram-negative bacteria [74,75]. Heavy metal
adsorption assays confirmed that live cells of strain YIM B08401 can reduce Cd2+ concen-
trations. The underlying mechanisms may involve not only direct cellular adsorption but
also the gene-mediated transport and detoxification processes described above.

3.6. Cd2+ Adsorption Efficiency and Characteristics of Strain YIM B08401

Heavy metal tolerance tests revealed that strain YIM B08401 could grow on NA
medium supplemented with 500 mg/L of Cd2+, Zn2+, or Cu2+, and adsorption experiments
further demonstrated the strain effectively reduced Cd2+ concentrations in solution within
two days, with adsorption efficiencies of 20.76% (100 mg/L initial Cd2+) and 38.49%
(200 mg/L) as measured by atomic absorption spectroscopy (AAS).

Scanning electron microscopy–energy dispersive spectroscopy (SEM-EDS) analysis of
cells exposed to 0, 100, and 200 mg/L Cd2+ showed that precipitates in the 0 mg/L group
appeared as large, smooth aggregates (Figure 7A) likely formed by extracellular polymeric
substances (EPS) secreted during normal growth [76], while those in the 100 mg/L group
fragmented into smaller particles (Figure 7C), possibly due to interactions between Cd2+

and cell surface functional groups (e.g., carboxyl, hydroxyl, amino) disrupting EPS structure
via complexation or ion exchange [77,78]. When the Cd2+ concentration reaches 200 mg/L,
the precipitate exhibits a rough and porous surface (Figure 7E), potentially resulting from
high-concentration Cd2+-induced cell lysis. In this scenario, the released intracellular
substances react with Cd2+ and extracellular polymeric substances (EPS) to form irregular
complexes [79–81].

EDS detected characteristic Cd peaks accounting for 1.78% and 14.75% of total elemen-
tal composition in the 100 and 200 mg/L groups, respectively (Figure 7D,F), indicating mul-
tiple Cd2+ removal mechanisms including surface adsorption and biomineralization [77,81].
The absence of distinct bacterial structures in SEM images could be attributed to surface
masking by EPS-Cd2+ complexes or Cd precipitates, or cell damage and lysis from high
Cd2+ toxicity mixing cellular debris with other components [80,82].
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Figure 7. SEM images and EDS elemental analysis of YIM B08401 under non-Cd and Cd stress
conditions. (A,B) SEM image and EDS spectrum of YIM B08401 without Cd stress; (C,D) SEM image
and EDS spectrum of YIM B08401 under 100 mg/L Cd2+ stress; (E,F) SEM image and EDS spectrum of
YIM B08401 under 200 mg/L Cd2+ stress. Red circles indicate the selected points for spectral analysis.

3.7. FTIR Spectroscopy of Strain YIM B08401

To further clarify the adsorption mechanism of Cd2+ by strain YIM B08401, Fourier
transform infrared spectroscopy (FTIR) was used to characterize the functional groups on
the cell surface of YIM B08401 before and after cadmium adsorption, revealing multiple
characteristic absorption peaks within the wavenumber range of 397–4003 cm−1 (Figure 8).
Specifically, a peak near 1055 cm−1 corresponded to stretching vibrations of C-O, C-C, C-O-
C, and C-O-P bonds in polysaccharides [83], while the peak at 1231 cm−1 represented P=O
vibrations of phosphodiester bonds in nucleic acids and phospholipids [84]. The absorption
peak at 1390 cm−1 reflected C-H vibrations of CH3/CH2 groups and C-O vibrations of
carboxylate (COO−), confirming the presence of extracellular polymeric substances (EPS)
secreted by bacteria that can effectively chelate metal ions through cation exchange to
reduce toxicity [85,86]. A characteristic absorption peak at 1534 cm−1 was likely attributed
to bending vibrations of N-H bonds and stretching vibrations of C-N bonds in amide
groups, potential structural components of the bacterial cell wall [87], and the broad
absorption peak at 3281 cm−1 was assigned to stretching vibrations of hydroxyl (O-H)
groups [81]. These results indicate that under Cd2+ stress, strain YIM B08401 interacts with
Cd2+ through multiple cell surface functional groups (e.g., C-O-C, P=O, O-H), with groups
associated with proteins, polysaccharides, and lipids (such as phospholipids) potentially
involved in Cd assimilation and metabolic processes.

55



Agronomy 2025, 15, 1780

Figure 8. FTIR spectra of YIM B08401 before and after Cd2+ adsorption.

4. Conclusions

In this study, whole-genome sequencing and annotation of Burkholderia alba YIM
B08401 were performed to identify genes and metabolic pathways associated with plant
growth promotion, biocontrol, and abiotic stress tolerance. The strain exhibited a G+C
content of 66.39% and harbored 6504 annotated genes, including those involved in nutri-
ent conversion, indole-3-acetic acid (IAA) secretion, and siderophore production. KEGG
pathway annotation revealed metabolic pathways related to nutrient utilization, such as
ABC transporter genes (pstABCS, phnDEC, cysPUWA, znuABC), two-component systems
(PhoR-PhoB, cheWARYB), and complete pathways for tryptophan synthesis and benzoic
acid degradation. AntiSMASH annotation identified 21 secondary metabolism gene clus-
ters, including those for terpenoids, non-ribosomal peptides (NRPS), polyketides (PKS),
and homoserine lactones (hserlactone). CAZy annotation further confirmed the presence
of enzymes involved in chitin, starch, cellulose, and xylan degradation. FTIR and SEM-
EDS analyses demonstrated that YIM B08401 specifically binds Cd2+ through cell surface
functional groups (e.g., C-O-C, P=O, O-H), enabling biosorption of heavy metal ions. Collec-
tively, Burkholderia alba YIM B08401 harbors genetically encoded potentials for plant growth
promotion, biocontrol of plant diseases, and abiotic stress resistance, warranting further
molecular investigations to unlock its full genetic repertoire and expand its application
potential in agricultural and environmental biotechnology.
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Abstract: Ectomycorrhizal symbiosis is a cornerstone of ecosystem health, facilitating
nutrient uptake, stress tolerance, and biodiversity maintenance in trees. Optimizing Pinus
armandii–Tuber indicum mycorrhizal synthesis enhances the ecological stability of conifer-
ous forests while supporting high-value truffle cultivation. This study conducted a pot
experiment to compare the effects of three root nutrient regulations—Aolu 318S (containing
N-P2O5-K2O in a ratio of 15-9-11 (w/w%)), Aolu 328S (11-11-18), and Youguduo (19-19-
19)—on the mycorrhizal synthesis of P. armandii–T. indicum. The results showed that root
nutrient supplementation significantly improved the seedling crown, plant height, ground
diameter, biomass dry weight, and mycorrhizal infection rate of both the control and myc-
orrhizal seedlings, with the slow-release fertilizers Aolu 318S and 328S outperforming the
quick-release fertilizer Youguduo. The suitable substrate composition in this experiment
was as follows: pH 6.53–6.86, organic matter content 43.25–43.49 g/kg, alkali-hydrolyzable
nitrogen 89.25–90.3 mg/kg, available phosphorus 83.69–87.32 mg/kg, available potas-
sium 361.5–364.65 mg/kg, exchangeable magnesium 1.17–1.57 mg/kg, and available iron
33.06–37.3 mg/kg. It is recommended to mix the Aolu 318S and 328S solid fertilizers evenly
into the substrate, with a recommended dosage of 2 g per plant. These results shed light
on the pivotal role of a precise N-P-K ratio regulation in fostering sustainable ectomyc-
orrhizal symbiosis, offering a novel paradigm for integrating nutrient management with
mycorrhizal biotechnology to enhance forest restoration efficiency in arid ecosystems.

Keywords: black truffle; pine; ectomycorrhizal synthesis; fertilization

1. Introduction

Truffles (Tuber) refer to a group of subterranean fungi with important economic and
ecological values in the Tuberaceae, Pezizales, and Ascomycota [1,2]. Recent taxonomic and
molecular phylogenetic studies of the Tuber have shown that at least 82 species exist in
China [3]. As the value of truffles continues to rise, over-harvesting has led to the severe
destruction of truffle habitats, causing a yearly decline in production and an increasingly
serious threat to their existence [4]. In recent years, in order to protect and stabilize the
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natural resources and ecological environment, as well as to meet the market demand
for edible ectomycorrhizal fungi, the artificial cultivation and resource conservation of
ectomycorrhizal fungi have attracted much attention [5].

Truffles are among the world’s most valuable edible ectomycorrhizal fungi (EMF),
capable of forming mutually beneficial mycorrhizal symbioses with dominant tree species
in northern temperate forests, such as those in the genera Pinus (pines), Picea (spruces),
Populus (poplars), Salix (willows), Corylus (hazels), and Quercus (oaks) [2]. EMF serve as a
crucial interface between the soil matrix and host plants, facilitating bidirectional material
exchange and signal transmission.

The formation of mycorrhizae not only makes the artificial cultivation of EMF possible
but also enhances the ability of plants to absorb carbon, nitrogen, phosphorus, water, and
mineral elements [6]. Specifically, in terms of improving resistance to abiotic stresses,
EMF can expand the absorption range of host plant roots through their extensive mycelial
networks, enabling more efficient uptake of soil moisture and nutrients under drought
or nutrient-deficient conditions and alleviating stress [7]. For example, under drought
stress, the hyphae of EMF can penetrate into tiny soil pores that root hairs cannot reach,
absorbing and transporting water to the host plant while also regulating the expression
of plant drought-responsive genes to reduce water loss [8]. In the case of heavy metal
stress, EMF can sequester heavy metal ions in their mycelia through chelation and compart-
mentalization, preventing these toxic substances from entering the host plant’s vascular
system, thus reducing damage [9]. Additionally, EMF can enhance the stability of plant
cell membranes and the activity of antioxidant enzymes, helping plants mitigate oxidative
damage caused by high temperatures, salinization, and other stresses [10–14]. Regarding
carbon elimination and cycling, EMF play a vital role in the forest carbon cycle. Host plants
transfer a portion of their photosynthetically fixed carbon to EMF, which is used for the
growth and metabolism of the fungi. A significant portion of this carbon is allocated to the
mycelial network in the soil, where some is decomposed into organic matter and stored
in the soil, contributing to long-term carbon sequestration [15,16]. This process not only
reduces the concentration of carbon dioxide in the atmosphere but also improves the soil’s
organic carbon content, enhancing soil fertility and stability [17].

Due to the high profitability of truffles, their production has promoted the use of
agricultural land in low-productivity areas through private forestation, as well as important
associated ecosystem services such as carbon fixation and soil quality improvement [18].
Thus, EMF play a significant role in constructing forest ecological networks and maintaining
the health and stability of ecosystems [19].

The soil matrix is a critical medium for the growth of ectomycorrhizal seedlings. To
ensure the normal growth of both the seedlings and mycorrhizae, the soil must continuously
and appropriately provide and balance essential factors for plant growth, such as water,
nutrients, air, heat, and other necessary conditions [20]. Soil properties, including pH and
nutrients (such as nitrogen, phosphorus, potassium, magnesium, calcium, and organic
carbon), significantly influence the growth of EMF [2]. These soil environmental variables,
in turn, interact with EMF, helping to regulate the carbon and nutrient balance at the
interface between the soil matrix and the host plant [21,22].

Previous studies have found that EMF yields are higher in fertile soils compared to
barren ones. The reasons for these differential results may lie in the effectiveness of soil
background nutrients and the impact of exogenous nutrient additions, which influence the
degree of nutrient limitation and alleviation in EMF fungi, thereby affecting the direction
and extent of the mycelial response to nutrients. Throughout this extended life cycle, soil
properties and climatic conditions are considered to be critical for the development of
black truffle sporocarps [23,24]. Research indicates that phosphorus (P) is one of the key
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factors influencing truffle mycelial dynamics in natural forest plantations during black
truffle production [25]. Meanwhile, the availability of nitrogen (N) significantly affects the
growth characteristics (such as biomass, yield, density, and turnover rate) and functional
traits of EMF mycelia [26,27]. Appropriate nitrogen supplementation increased EMF
mycelial yield, biomass, and density by 79%, 39%, and 73%, respectively. Additionally,
proper nitrogen application can enhance EMF phosphatase activity, thereby promoting
phosphorus absorption in plants [28–30]. Recent evidence suggests that this relationship
follows an optimum curve rather than a linear trend. In particular, for truffles, Barou
et al. [25] revealed that phosphorus (P) availability shows a non-monotonic relationship
with T. melanosporum mycelial biomass; it is beneficial up to 20 mg kg−1 but inhibitory
at higher concentrations in plantation soils. Similarly, while nitrogen (N) availability
significantly influences EMF’s growth characteristics (biomass, yield, and density) and
functional traits [26,27], excessive N can disrupt the mutualistic balance, as demonstrated
by the increases in mycelial parameters being contingent on maintaining appropriate C: N
ratios [24].

Research has shown that inoculating EMF and the addition of a low amount of nitro-
gen (15 kg/(hm2·a)) exhibit a synergistic effect on the root morphology and nutrient content
of P. sylvestris var. mongolica seedlings [31]. Through EMF inoculation and exponential
fertilization, the growth indicators, nutrient accumulation (N and P), and mycorrhizal
colonization rate of Scots pine seedlings were significantly higher than those under con-
ventional fertilization [32]. In addition to using external additions to regulate the nutrient
composition of the substrate [33], a reasonable substrate composition is also a key factor
for the growth of mycorrhizal seedlings. Dupre et al. [34] studied the effects of different
substrates, such as soil, vermiculite, and perlite, as well as factors such as soil N, P, and K
content, on the mycorrhizal synthesis of T. melanosporum. The results showed that vermi-
culite as a growth substrate was the most conducive to the formation of truffle mycorrhizae,
followed by perlite, while forest topsoil performed the worst. Chen et al. [35] used a
mixed substrate of vermiculite, peat, and river sand in a certain volume ratio to inoculate
T. melanosporum during the seedling stage of Castanopsis hystrix, achieving a mycorrhizal
infection rate as high as 90% after 26 weeks, indicating that the mixed soil nutrients and
structure are very suitable for the growth of T. melanosporum mycorrhizal seedlings. The
growth and development of T. indicum mycorrhizae are also affected by soil nutrients and
structure; sufficient nutrients and favorable soil environmental conditions increase the
number of T. indicum mycorrhizae [36].

In addition, vegetation type is a fundamental factor influencing soil fungal commu-
nities and controlling the ecological functions of mycorrhizal systems [37–39]. Vegetation
type can alter the physical and chemical properties of the soil (such as nutrient availability
and pH) due to differences in growth rates, litter, and root exudates, thereby affecting the
formation and growth of mycorrhizal fungi [40,41]. Therefore, the type of host plant can
lead to significant differences in mycelial biomass due to its utilization of available soil
nutrients. Research has shown that nitrogen application can increase mycelial biomass
in P. armandii forests by 39%; specifically, nitrogen application can significantly increase
the relative abundance of truffle mycelia in these forests [26]. Moreover, the strong se-
lectivity and specificity of truffles for host tree species are evident even at the seedling
stage, where the root morphology of the host plant can influence the appearance of the
formed mycorrhizae. Thus, selecting suitable symbiotic plants for inoculation is not only
a prerequisite for cultivating mycorrhizal seedlings but also a key factor in the success of
truffle cultivation [42,43].

Pinus armandii, one of China’s native pine species, plays a significant role in ecological
protection and regional socio-economic development. Proper fertilization has a marked
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effect on improving seedling productivity and expanding the spread of the root system.
In particular, the use of nitrogen (N) and combinations of nitrogen with other plant nu-
trients can effectively shorten the harvesting period of trees and enhance the yield and
quality of timber [44–47]. It has been pointed out that appropriate fertilization methods,
substrate combinations, and fertilizer ratios can significantly promote the growth of con-
tainer seedlings of P. armandii [48–50]. Pinus armandii is an ideal host for the synthesis of
truffle mycorrhizae [51]. For truffle mycorrhizal seedlings, proper fertilization can promote
the growth of both P. armandii and mycelia, thereby increasing the mycorrhizal coloniza-
tion rate, which is crucial for the subsequent growth of truffles and the improvement of
their yield.

In the field of mycorrhizology, research on the effects of fertilization on ectomycor-
rhizae is far less extensive than on other types of mycorrhizae. In particular, studies on
the impact of fertilization on specific economically valuable mycorrhizal fungi and host
combinations are rarely reported. While previous studies have examined ectomycorrhizal
relationships [10,23] and fertilization effects on tree growth [34,46], few have systematically
investigated how specific N-P-K ratios in root nutrients affect the economically important
T. indicum–P. armandii symbiosis. Notably, no studies have compared slow-release versus
quick-release fertilizers for this specific host–fungus combination. Thus, in this study, we
hypothesized that slow-release fertilizers (Aolu 318S and 328S) with balanced N-P-K ratios
would promote superior ectomycorrhizal formation and seedling growth compared to
a quick-release fertilizer (Youguduo) due to sustained nutrient availability that matches
fungal and plant requirements. An optimal substrate nutrient range exists that simultane-
ously maximizes both T. indicum mycorrhization and P. armandii growth. The interaction
between specific N-P-K ratios and mycorrhization would create synergistic effects on plant
performance beyond additive individual effects. Therefore, this study employed a pot
experiment to comparatively analyze the effects of three types of compound fertilizers,
Aolu 318S, Aolu 328S, and Yuguoduo, on the mycorrhizal synthesis of T. indicum with P.
armandii and the growth of mycorrhizal seedlings. By analyzing changes in the seedling
crown, plant height, ground diameter, aboveground and belowground biomass, substrate
nutrient content, and the number of mycorrhizae of the seedlings, this study aims to explore
the optimal nutrient substrate ratio and fertilization effect, providing valuable insights for
the artificial cultivation of truffles, mycorrhizology research, and the efficient cultivation of
robust P. armandii seedlings.

2. Materials and Methods

2.1. Sterile Seedling Cultivation and Inoculation

The experimental design used a mixed substrate with a peat/vermiculite/perlite
volume ratio of 2:2:1. The moisture content was adjusted to 30%, and the substrate was
sterilized at 121–126 ◦C. The pH was adjusted to 7.5 using calcium carbonate and mag-
nesium carbonate. Mature ascomata of T. indicum were used as the inoculum, with an
inoculation concentration of 5 × 106 spores/mL and an inoculation amount of 0.5 g per
seedling. The inoculation time was 5 March 2023. Pinus armandii was fertilized on 5 June
2023 after inoculation. The seedlings used for inoculation were cultivated from germinated
seeds of P. armandii. The spore suspension was inoculated onto the seedling roots in two
stages, followed by covering with the substrate. Mycorrhizal formation was examined at
90 days (5 September 2023), 180 days (5 December 2023), and 270 days (5 March 2024) after
fertilization. Each time, 5 seedlings were randomly selected from each of the 8 treatment
groups for inspection. All seedlings were cultivated in an outdoor environment with
good ventilation and sufficient sunlight and managed under conventional practices with
alternating dry and wet cultivation conditions throughout the growth period.
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2.2. Experimental Design for the Fertilization and Cultivation of Mycorrhizal Seedlings

This experiment used three types of compound fertilizers (Table 1) and designed
8 experimental treatments: CK (control), T (inoculation with T. indicum), 318S (application
of Aolu 318S alone), 328S (application of Aolu 328S alone), P19 (application of Yuguo-
duo alone), T318S (inoculation with T. indicum + Aolu 318S), T328S (inoculation with
T. indicum + Aolu 328S), and TP19 (inoculation with T. indicum + Yuguoduo). Fertilization
was carried out three months after inoculation. Aolu 318S and Aolu 328S were evenly
mixed into the substrate as solid fertilizers, with an application rate of 2 g per pot; Yuguo-
duo was diluted 600 times with water and applied to the roots at a rate of 0.66 g per
pot. Each treatment group contained 15 seedlings, with a total of 120 seedlings across the
8 treatment groups. Mycorrhizal inspections were conducted at 90 days, 180 days, and 270
days after fertilization, with 5 seedlings randomly selected from each of the 8 treatment
groups for inspection each time.

Table 1. Application methods, fertility duration, and nutrient content of the three fertilizers.

Fertilizer
Fertilizer

Application
Fertile Period

NPK Content and
Ratio

Trace Element

Aolu 318S roots 9 months 15-9-11 + TE Fe0.45, Mg0.06, Cu0.05, Zn0.015, B0.03
Aolu 328S roots 9 months 11-11-18 + TE Fe0.25, Mg0.03, Cu0.055, Zn0.01, B0.01
Youguduo roots 1 week 19-19-19 + TE Fe0.05, B0.12, Zn0.06, Mo0.015

Note: Data are expressed as the mean ± standard deviation, and the significance level is set at 0.05.

2.3. Methods for the Inspection, Identification, and Statistical Analysis of Mycorrhizae

Mycorrhizal inspection is conducted by observing morphological changes in plant
roots or examining root tissues under a microscope to determine whether mycorrhizae
have formed. For mycorrhizal identification, molecular-level identification is performed
on the formed mycorrhizae. Before extracting DNA from mycorrhizal root tips using
the modified CTAB method [52], the root tips must first be cleaned by rinsing gently to
remove any attached substrate particles, then be soaking the roots repeatedly in a beaker
filled with water to wash away impurities. After DNA extraction, PCR amplification and
sequencing are carried out. The sequencing chromatograms are proofread and assembled
using the sequence assembly software SeqMan v7.0. After removing low-quality sequences
and primer regions, the sequences are uploaded to NCBI for NCBI Basic Local Alignment
Search Tool (BLAST; https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 1 July 2025)) to
confirm that the colonized mycorrhizae are the target mycorrhizae.

After completing mycorrhizal verification, statistical analysis is conducted using a
stereomicroscope and a root scanner. First, root parameters are obtained by scanning with
the root scanner. Then, the roots are observed under the stereomicroscope to count the myc-
orrhizal infection rate. The calculation formula is: mycorrhizal infection rate (%) = number
of mycorrhizae/number of nutrient roots × 100%. Experimental data were analyzed using
Microsoft Excel 2010 and SPSS 20.0.

2.4. Measurement of the Seedling Crown, Plant Height, Ground Diameter, and Aboveground and
Belowground Biomass of Mycorrhizal Seedlings

For morphological index measurements, the dry weight of the seedlings in each
treatment container was determined using an analytical balance. The ground diameter was
measured with a vernier caliper, and the plant height and seedling crown were measured
with a standard measuring tape. The determination of the dry weight of P. armandii
seedlings requires drying treatment, with the specific procedure as follows. First, the
seedlings are blanched at 105 ◦C for 30 min to quickly terminate cellular physiological
activities and prevent substance decomposition. Then, they are placed in an environment
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at 80 ◦C to dry to constant weight. Among these steps, continuous drying at a low
temperature of 80 ◦C can not only effectively remove moisture but also reduce the loss of
volatile components in the seedlings. “Drying to constant weight” means that the weight
difference between two weighings (with an interval of more than 2 h) does not exceed
0.001 g, which ensures the complete removal of moisture and guarantees the stability and
accuracy of the determination results.

2.5. Measurement Indicators and Analytical Methods for Nutrient Substrates

The measurement methods for pH, organic matter, alkali-hydrolyzable nitrogen, avail-
able phosphorus, available potassium, exchangeable calcium and magnesium, and available
iron in the nutrient substrate refer to those outlined in “Soil Agrochemical Analysis”, edited
by Bao Shidan [53].

2.6. Statistical Analysis

To explore the significant differences in variables among different treatments, one-way
analysis of variance (ANOVA) was conducted at a 95% confidence level (p < 0.05), followed
by Tukey’s honest significant difference test (Tukey’s HSD). When the data showed a
normal distribution and homogeneous variance, Tukey’s HSD test was used; if these
assumptions were not met, the Kruskal–Wallis H non-parametric test was adopted instead.

3. Results

3.1. Effects of Different Treatments on the Seedling Crown, Plant Height, and Ground Diameter of
T. indicum–P. armandii Seedlings

At the same growth stage, the growth of the seedling crown, plant height, and
ground diameter of P. armandii varied under different fertilization treatments (Figure 1A–C,
p < 0.05). Among the non-inoculated treatments, P. armandii seedlings treated with Aolu
318S and 328S had significantly higher seedling crowns, plant heights, and ground diame-
ters compared to those treated with Yuguoduo and the control group (p < 0.05), while no
significant difference was found between Aolu 318S and 328S (p > 0.05). The difference
between Yuguoduo and the control group was not significant (p > 0.05).

Similarly, among the inoculated treatments, seedlings treated with Aolu 318S and
328S also exhibited significantly higher seedling crowns, heights, and ground diameters
compared to those treated with Yuguoduo and the group inoculated with T. indicum alone
(p < 0.05), with no significant difference between Yuguoduo and the group inoculated with
T. indicum alone (p > 0.05).

3.2. Effects of Different Treatments on the Aboveground and Belowground Biomass Dry Weight of
T. indicum–P. armandii Seedlings

At different growth stages, the aboveground and belowground biomass dry weights of
P. armandii seedlings showed significant differences under different treatments during the
same time period. On day 90, the aboveground and belowground biomass dry weights of
the T328S treatment were higher than those of the T318S treatment, but the difference was
not significant. However, both T318S and T328S treatments showed significant differences
in biomass compared to other treatments. On days 180 and 270, the aboveground and
belowground biomass dry weights of the T328S treatment were significantly higher than those
of other treatments (Table 2). Throughout the entire growth period, inoculation combined
with fertilization significantly increased the aboveground and belowground biomass dry
weights of P. armandii seedlings. The effectiveness of fertilization on the P. armandii seedlings
inoculated with T. indicum was as follows: Aolu 328S > Aolu 318S > Yuguoduo.
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(A) (B) 

(C) 

Figure 1. Effects of different treatments on the seedling crown (A), plant height (B), and ground
diameter (C) of P. armandii at different growth stages. Note: CK: control treatment; T: inoculation
with T. indicum only; 318S: application of Aolu 318S only; 328S: application of Aolu 328S only; P19:
application of Youguduo only; T318S: combined inoculation with T. indicum and application of Aolu
318S; T328S: combined inoculation with T. indicum and application of Aolu 328S; TP19: combined
inoculation with T. indicum and application of Youguduo. Data represent the mean of five replicates.
Different letters indicate significant differences at the 0.05 level, while the same letter indicates no
significant difference.

Table 2. Aboveground and belowground biomass dry weights (g) of P. armandii seedlings under
different treatments at different growth stages.

Treatments
Aboveground Dry Weight Belowground Dry Weight

90 Day 180 Day 270 Day 90 Day 180 Day 270 Day

CK 2.25 ± 0.04 d 2.41 ± 0.06 d 2.44 ± 0.04 d 2.14 ± 0.03 d 2.27 ± 0.08 d 2.33 ± 0.07 e
T 2.29 ± 0.08 cd 2.42 ± 0.05 d 2.46 ± 0.08 d 2.17 ± 0.04 d 2.30 ± 0.07 d 2.35 ± 0.08 de

318S 2.35 ± 0.08 bc 2.49 ± 0.14 cd 2.67 ± 0.06 c 2.30 ± 0.12 c 2.37 ± 0.07 cd 2.44 ± 0.08 cd
328S 2.39 ± 0.06 bc 2.64 ± 0.05 b 2.70 ± 0.03 c 2.36 ± 0.08 bc 2.43 ± 0.07 c 2.47 ± 0.08 c
P19 2.30 ± 0.07 cd 2.47 ± 0.08 cd 2.49 ± 0.04 d 2.20 ± 0.04 d 2.31 ± 0.07 d 2.34 ± 0.06 de

TF318S 2.41 ± 0.05 ab 2.71 ± 0.13 ab 3.06 ± 0.17 b 2.40 ± 0.04 ab 2.67 ± 0.06 b 2.71 ± 0.06 b
TF328S 2.49 ± 0.08 a 2.84 ± 0.15 a 3.19 ± 0.12 a 2.46 ± 0.04 a 2.82 ± 0.14 a 2.86 ± 0.09 a
TFP19 2.32 ± 0.08 cd 2.55 ± 0.06 bc 2.68 ± 0.08 c 2.21 ± 0.04 d 2.34 ± 0.05 cd 2.38 ± 0.06 cde

Note: Data are expressed as the mean ± standard deviation, and the significance level is set at 0.05. Different
letters (e.g., a, b, c, d, e) indicate significant differences between treatments at the 0.05 level based on ANOVA;
treatments sharing the same letter are not significantly different from each other.
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3.3. Effects of Different Fertilization Treatments on the Mycorrhizal Infection Rate of T. indicum–P.
armandii Seedlings

The mycorrhizal infection rate showed significant differences under different treat-
ments during the same growth period. In the T treatment, the mycorrhizal infection rate
remained relatively stable between 40% and 50% across the three growth stages, with no
significant changes. In the three treatments with both inoculation and fertilization, the myc-
orrhizal infection rate continuously increased throughout the growth period, with the rates
in the T318S and T328S treatments being significantly higher than in the TP19 treatment.
However, there was no significant difference in the mycorrhizal infection rate between the
T318S and T328S treatments. Overall, the T318S and T328S treatments performed better
than the TP19 and T treatments, indicating that the fertilizer effect of Osmocote 318S and
328S was superior to that of Yuguoduo. This suggests that fertilization is more beneficial
than no fertilization in enhancing the mycorrhizal infection rate of P. armandii inoculated
with T. indicum (Figure 2).

Figure 2. Effects of different treatments on the mycorrhizal infection rate of P. armandii at different
growth stages. Note: CK: control treatment; T: inoculation with T. indicum only; 318S: application
of Aolu 318S only; 328S: application of Aolu 328S only; P19: application of Youguduo only; T318S:
combined inoculation with T. indicum and application of Aolu 318S; T328S: combined inoculation
with T. indicum and application of Aolu 328S; TP19: combined inoculation with T. indicum and
application of Youguduo. Data represent the mean of five replicates. Different letters indicate
significant differences at the 0.05 level, while the same letter indicates no significant difference.

Under a stereomicroscope, the ectomycorrhizae formed by T. indicum and P. armandii
displayed various morphological appearances (Figure 3). The ectomycorrhizal system was
mostly bifurcated or irregularly pinnate, sometimes appearing coralloid or intermediate
between these types. The young mycorrhizae were light yellow in color with numerous
white emanating hyphae. As the mycorrhizae aged, their color deepened to dark brown.
These are consistent with well-documented T. indicum–P. armandii morphotypes in peer-
reviewed studies [49].
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Figure 3. Morphological appearance of ectomycorrhizae formed by T. indicum and P. armandii.
(A) bifurcated mycorrhiza; (B) coral-like mycorrhiza; (C) simple unbranched mycorrhiza.

3.4. Nutrient Status Changes in the Substrate and Establishing the Optimal Nutrient
Substrate Ratio

The changes in substrate pH under different treatments at different growth stages ranged
between 6.18 and 7.63 (Figure 4A). According to the Chinese soil pH classification standards,
the substrate pH values under different treatments and at different growth stages are within
the weakly alkaline range. During the same growth period, there were significant differences
in the organic matter content of the substrate among different treatments. Throughout the
entire growth period, the organic matter content in each treatment showed a decreasing trend.
However, the organic matter content in the T318S, T328S, and T treatments was slightly higher
than in the CK, 318S, 328S, and P19 treatments. After 90 days of fertilization, the organic
matter content in the T328S treatment reached 46.34 g/kg. In the T318S treatment, it reached
45.20 g/kg, and in the T treatment, it reached 45.93 g/kg. These three treatments were at
relatively higher levels compared to the other treatments (Figure 4B).

  
(A) (B) 

 
(C) (D) 

Figure 4. Cont.
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Figure 4. Changes in substrate pH (A), organic matter (B), alkali-hydrolyzable nitrogen (C), available
phosphorus (D), available potassium (E), exchangeable magnesium (F), and available iron (G) under
different treatments at different growth stages. Note: CK: control treatment; T: inoculation with
T. indicum only; 318S: application of Aolu 318S only; 328S: application of Aolu 328S only; P19:
application of Youguduo only; T318S: combined inoculation with T. indicum and application of Aolu
318S; T328S: combined inoculation with T. indicum and application of Aolu 328S; TP19: combined
inoculation with T. indicum and application of Youguduo. Data represent the mean of five replicates.
Different letters indicate significant differences at the 0.05 level, while the same letter indicates no
significant difference.

During the same growth period, there were significant differences in the alkali-
hydrolyzable nitrogen content of the substrate among different treatments. In the CK
and T treatments, the alkali-hydrolyzable nitrogen content initially increased and then
decreased, while in the other treatments, it showed a decreasing trend with no signifi-
cant changes. The alkali-hydrolyzable nitrogen content in the substrate of all treatments
was at a deficient level. After 90 and 180 days of fertilization, the alkali-hydrolyzable
nitrogen content in the TF318S treatment was the highest among all treatments, whereas
the CK treatment had the lowest content. From 180 to 270 days after fertilization, the
alkali-hydrolyzable nitrogen content in the substrate showed no significant changes in
treatments other than CK and T (Figure 4C).

The changes in available phosphorus in the substrate under different treatments during
various growth stages showed an overall trend of first increasing and then decreasing.
This may be related to the decomposition of applied fertilizers into the substrate and the
subsequent consumption of a large amount of phosphorus in the later stages of growth.
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Among them, the available phosphorus content in the substrate for the TF318S and TF328S
treatments was significantly higher than in other treatments, while the other treatments
showed no significant changes throughout the growth period (Figure 4D).

The trend in available potassium in the substrate under different treatments during
various growth stages, except for the CK treatment, was an increase followed by no
significant changes. The available potassium content in the substrate of the 328S treatment
showed a slight upward trend in the later stages. The available potassium content in the
CK treatment was lower compared to other treatments. The maximum available potassium
content in the substrate was 423.56 mg/kg, and the minimum was 236.49 mg/kg, indicating
an extremely rich level (Figure 4E).

The changes in exchangeable magnesium content in the substrate across all treatments
during different growth stages showed an initial increase followed by a decrease. In the
T318S and T328S treatments, the exchangeable magnesium content in the substrate was
significantly higher than in the other treatments (Figure 4F).

For available iron, the content in the substrate of the T328S, T318S, TP19, and P19
treatments first increased and then decreased. In the T treatment, the available iron content
in the substrate continued to increase. Meanwhile, in the 318S and 328S treatments, the
available iron content in the substrate remained relatively stable (Figure 4G).

4. Discussion

This study conducted a statistical analysis of data on seedling crown width, plant
height, ground diameter, biomass, and mycorrhizal infection rate following fertilization,
combined with changes in substrate nutrient content, to evaluate the effects of various
treatments on seedling growth and mycorrhizal infection. The results indicate that pH has
a significant impact on mycorrhizal formation, with the highest number of mycorrhizae
observed at a pH of 6.53 to 6.86. This pH range is more conducive to the synthesis of T.
indicum mycorrhizae. Research has shown that various truffle species also grow in slightly
alkaline soils, and the pH of the soil in T. indicum truffle beds gradually shifts from slightly
acidic to slightly alkaline during the maturation stage, indicating that it can regulate the pH
of its growing environment [54–57]. Furthermore, T. indicum can form mycorrhizae under
slightly acidic conditions, suggesting that the pH range for P. armandii inoculated with T.
indicum to form mycorrhizae is relatively broad. However, excessively acidic or alkaline
conditions can inhibit mycorrhizal formation, making neutral to slightly alkaline substrates
the most suitable for growth. Within the tested pH range (6.18–7.63), mycorrhizal formation
showed no significant correlation with pH variation across treatments (p > 0.05), suggesting
that the observed differences in colonization rates were primarily driven by fertilizer types
rather than pH effects. This aligns with field observations showing T. indicum’s broad
ecological adaptability to soils ranging from pH 4.78 to 8.5 [58,59]. The homogeneity of pH
across treatments suggests it was a permissive rather than limiting factor in this study.

Our results demonstrate that slow-release fertilizers (Aolu 318S and 328S) significantly
enhanced seedling growth, with T328S increasing aboveground biomass by 30.7% (3.19 g
vs. 2.44 g in the control) and mycorrhizal infection rates by 2.0-fold (50% vs. 24% in T-only)
at 270 days (Table 2 and Figure 2). These improvements align with the sustained nutrient
release of slow-release formulations, which matched the prolonged nutrient demands of
both P. armandii and T. indicum. In contrast, quick-release Youguduo (19-19-19 NPK) led
to transient nutrient availability, resulting in 12% lower biomass and 20% lower infection
rates compared to slow-release treatments, likely due to leaching losses (Figure 4D,E) and
microbial immobilization [25].

In this study’s statistical analysis, it was found that fertilization provided abundant nu-
trients for the mycelium and mycorrhizae, and mycorrhizal treatment effectively increased
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the organic matter content of the substrate, promoting the absorption and utilization of
nitrogen, phosphorus, and potassium by P. armandii seedlings. This is because P. armandii–T.
indicum mycorrhizal seedlings have a strong ability to convert unavailable nitrogen into
available nitrogen during growth, and they can quickly activate insoluble phosphorus in the
substrate, thereby promoting the growth of P. armandii seedlings and T. indicum–P. armandii
mycorrhizal seedlings, with the latter showing significant growth advantages [56,59,60].
Research has shown that soil nitrogen nutrition plays a crucial role in the growth and de-
velopment of truffles during their maturation period, and phosphorus may regulate truffle
growth by affecting the fungal and bacterial communities in the soil [61–63], although the
exact mechanism requires further study. In fact, ectomycorrhizae and host plants have
a mutually beneficial symbiotic relationship. Kang [64] indicates that truffle inoculation
can increase the nitrate nitrogen content in the rhizosphere soil of Quercus, reduce the
available phosphorus content, enhance the activity of Quercus roots, and promote the
colonization of denitrifying bacteria in the rhizosphere soil, thus affecting the soil’s physical
and chemical properties.

The superior performance of T318S/T328S was correlated with elevated levels of
substrate organic matter (46.34 g/kg versus 43.25 g/kg in the control) and available phos-
phorus (87.32 mg/kg versus 83.69 mg/kg in the control), which directly facilitated the
expansion of fungal hyphae and the development of host roots (Figure 4B–D). The 11%
higher phosphorus content in T328S likely stimulated mycelial growth, given that Tuber
spp. upregulate phosphatase activity under phosphorus-limiting conditions [19]. Similarly,
the increased concentration of exchangeable magnesium (1.57 mg/kg versus 1.17 mg/kg in
the control) may have promoted enzymatic processes in both plant and fungal metabolism,
considering magnesium’s essential role in ATP synthesis [59]. Notably, the transient peak
of iron in T328S (37.3 mg/kg at 90 days, Figure 4G) might enhance the stress responses of
fungi, as iron functions as a cofactor for multiple antioxidant enzymes in fungal cells [65].

Nitrogen, phosphorus, and potassium are essential nutrients for plant growth and
development, and within a certain range, they can promote the growth of both above-
ground parts and root systems [66,67]. This experiment showed that moderate levels of
available phosphorus, quick-acting potassium, exchangeable magnesium, and available
iron promote the formation of T. indicum mycorrhizae. Chen’s research on artificial truffle
cultivation techniques pointed out that an excessive organic matter content in the substrate
may inhibit mycorrhizal formation, while organic nitrogen sources such as aspartic acid
and moderate levels of phosphorus significantly promote mycorrhizal synthesis [29]. The
growth-promoting effects of different metal ions on truffle mycelium follow the order of
Ca2+ > Na+ > K+ > Mg2+ [68–71]. The experimental results indicate significant differences
between fertilization treatments. The quick-release fertilizer Youguduo may lead to nutrient
loss before the mycelium and mycorrhizae have fully absorbed them. The fertilizer effi-
ciency differences produced by applying different fertilizers may be potentially affected by
various biotic and abiotic factors. For quick-release fertilizers such as Youguduo (19-19-19)
in this research, rapid nutrient dissolution likely increased initial leaching risks, particularly
for mobile N and K, as evidenced by the sharper decline in available P and K in P19/TP19
treatments compared to slow-release formulations (Aolu 318S/328S). Similar patterns were
reported in truffle agroforestry systems, where irrigation accelerated nutrient leaching in
sandy substrates [18]. Microbial immobilization may have further reduced available N,
as ectomycorrhizal fungi (EMF) and associated bacteria compete for inorganic N [7]. The
higher organic matter in T318S/T328S treatments (Figure 4B) suggests fungal-mediated
nutrient retention, aligning with findings that EMF hyphae reduce leaching by binding
nutrients [70]. Considering that there is no significant difference in substrate pH values
during different stages of Youguoduo treatment, the possibility of non-biological nutrient

72



Agronomy 2025, 15, 1749

loss caused by this is relatively small. These also explain the superior performance of
slow-release fertilizers in maintaining the long-term nutritional supply of P. armandii and T.
indicum symbiosis.

The experimental results indicate significant differences between fertilization treat-
ments. The quick-release fertilizer Youguduo may lead to nutrient loss before the mycelium
and mycorrhizae have fully absorbed them. Therefore, it is recommended to use the
slow-release fertilizers Aolu 318S and Aolu 328S, which are more suitable for mycelium
germination and promote fruiting body growth.

Under the context of climate change, the distribution range of P. armandii is gradually
shrinking. The most concerning issue is that the suitable habitats for P. armandii in the
Wushan region, which connects the Daba Mountains and the Yunnan–Guizhou Plateau,
will gradually disappear, leading to the disruption of the current ecological corridor [72].
Fertilization and mycorrhization of seedlings play crucial roles in promoting the growth of
P. armandii, enhancing stress resistance, improving soil structure, increasing nutrient utiliza-
tion, and maintaining the health and development of forest ecosystems [73–75]. Therefore,
protecting and restoring these critical habitats is of utmost importance. To address the
ecological challenges posed by the shrinking distribution of P. armandii, it is essential to
research and promote biotechnological measures based on ectomycorrhizal fungi. Ectomyc-
orrhizal fungi not only enhance the stress resistance of P. armandii but also improve the soil’s
physical and chemical properties, promote nutrient cycling, and enhance plants’ adaptabil-
ity to environmental changes [10,76,77]. Moreover, by adopting appropriate fertilization
strategies, particularly the use of slow-release fertilizers, the long-term healthy growth of
seedlings can be supported, nutrient loss can be reduced, and soil fertility can be increased.
This approach will help maintain and restore P. armandii populations while ensuring the
stability and biodiversity of the entire forest ecosystem. Future research should further
explore the optimal combination of mycorrhization treatments and fertilization strategies
under different environmental conditions to provide scientific support for the conservation
and sustainable development of P. armandii.

5. Conclusions

Under conditions of inoculation with Tuber indicum ascocarp inoculum at a spore
concentration of 5 × 106 spores/mL, the optimal fertilization regime for Pinus armandii–
T. indicum mycorrhizal synthesis and seedling development was determined as follows:
Aolu 318S and 328S exhibited optimal efficacy at 2 g per plant, applied three months
post-inoculation by uniform incorporation into the substrate. For Youguduo, the optimal
dosage was 0.66 g per plant, administered three months after inoculation via the root
application of a 600-fold water dilution. Comparative analysis revealed Aolu 318S to be
the most effective formulation for promoting mycorrhizal formation and seedling growth.
These findings provide robust scientific evidence and practical guidelines for cultivating P.
armandii–T. indicum mycorrhizal seedlings, demonstrating that optimized fertilizer type,
dosage, and application method can significantly enhance mycorrhizal establishment and
seedling quality, thereby maximizing yields in truffle artificial cultivation. The superior
performance of slow-release Aolu 318S over quick-release Youguduo offers critical insights
for fertilizer selection and fertilization strategy development, enabling the optimization of
tree-fungal symbiosis under diverse cultivation scenarios.
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Abstract: Microbial agents play a crucial role in improving soil quality, increasing soil
fertility, enhancing crop yields, and reducing the incidence of diseases. The ecological
benefits of these products contribute to environmental protection and to the promotion
of sustainable agricultural development. Since the beginning of the 21st century, research
in the academic community on the use of microbial agents for soil improvement has
increased, yet a systematic summary of the progress in this field is lacking. In this paper, we
review trends in microbial agent applications, focusing on their classification, mechanisms
of action, and practical implementations. To achieve this, we conduct a bibliometric
analysis based on the SCI-EXPANDED database of the Web of Science, using tools such
as VOSviewer for visualization. We focus on microbial agents for soil improvement and
analyze publication trends, research hotspots, and annual variations in relevant studies
published between 2003 and 2024. The results show that (1) the number of publications
on microbial soil improvement has steadily increased over the years, indicating that the
academic community has maintained a high level of interest in this field. Keywords such as
“soil”, “diversity”, “carbon”, and “nitrogen” have been central research hotspots in the past
20 years. The research has been highly concentrated in a few countries, including China and
the United States, as well as in key institutions such as the Chinese Academy of Sciences
and the United States Department of Agriculture. (2) We further analyze the principles
governing microbial agent efficacy, address limitations in their application, and propose
strategies to advance research in this field. Finally, several suggestions are proposed to
promote the further development of research on microbial agents for soil improvement.

Keywords: soil microorganisms; microbial agents; soil improvement; soil health; bibliometric
analysis

1. Introduction

Soil, essential for human survival, is a critical component of Earth’s environment,
influencing plant, animal, and human health while serving as a key resource for food
security [1,2]. Its condition is interconnected with air, water quality, and microbial activity.
However, population growth, climate change, industrial expansion, and unsustainable land
use have exacerbated soil pollution and degradation, threatening ecosystem stability and
societal development [3]. Globally, 33% of soils face degradation from urbanization, erosion,
nutrient depletion, salinization, desertification, and pollution. In China, degradation is
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concentrated in 13 provinces across the northwest, north, and northeast, positioning the
country among those most severely impacted [4,5]. Addressing soil degradation through
improved physicochemical properties and sustainable management remains a priority for
soil science research [6].

Historically, agricultural reliance on chemical fertilizers boosted crop yields and
organic matter content but led to soil acidification, organic loss, and environmental pol-
lution [7]. This environmental toll has accelerated the search for eco-friendly alternatives,
with microbial remediation emerging as a promising strategy due to its potential to enhance
soil health through nutrient cycling, aggregate stabilization, and pollutant degradation [8,9].
To counter degradation, research focuses on understanding soil ecosystem dynamics and
developing eco-friendly solutions. Current remediation strategies include biological, chem-
ical, and physical methods. Biological approaches, leveraging plant, animal, and microbial
activities to enhance soil health, have gained prominence due to their sustainability, cost-
effectiveness, and environmental benefits.

Among biological technologies, phytoremediation is the most established, while soil
amendments target desertification. Microbial remediation, a newer approach, employs
industrially produced microbial inoculants to regulate nutrient cycles, stabilize soil aggre-
gates, and degrade pollutants [8]. Soil microbes, integral to soil formation and nutrient
cycling, act as nutrient transformers, pollutant purifiers, and ecosystem stabilizers [9,10].
Microbial agents are defined as formulated products containing live microorganisms (e.g.,
Bacillus, Pseudomonas, arbuscular mycorrhizal fungi) or their bioactive metabolites, specifi-
cally designed to enhance soil functions such as organic matter decomposition, nutrient
cycling (C, N, P), and pollutant degradation [10,11]. These agents directly contribute to
ecosystem services including soil carbon sequestration, crop yield stability, and heavy
metal immobilization. Microbial agents improve fertility, reduce chemical inputs, suppress
pathogens, and enhance crop yields. Their integration with phytoremediation and other
techniques offers a pathway to sustainable agriculture [11,12].

Advances in microbial agent development stem from methodological innovations.
Early isolation and cultivation techniques in the 19th century gave rise to microbial stud-
ies, while 1970s biomass quantification methods spurred progress in nutrient turnover
analysis [13,14]. Late 20th-century molecular biology revolutionized soil microbiology,
expanding microbial agent diversity, functionality, and global application [15,16]. Current
research focuses on agent development, microbial interactions, biocrusts, plant–microbe
synergy, and hybrid remediation technologies [17].

Despite these advancements, a critical gap persists—the existing literature either
focuses on mechanistic reviews of microbial functions or bibliometric analyses of global
trends, rarely integrating both to identify how research hotspots align with on-the-ground
challenges in soil improvement [17–19]. Traditional literature analysis struggles to track
trends in this vast field. Bibliometrics, combined with tools like VOSviewer, enables
quantitative analysis and visualization of research progress [18]. This study uses Web
of Science (WoS) and China National Knowledge Infrastructure (CNKI) data to conduct
a bibliometric review of microbial soil improvement over the two decades, identifying
hotspots, gaps, and future directions to guide researchers and deepen understanding of
microbial agents’ ecological significance.

2. Materials and Methods

2.1. Data Sources

In this paper, we establish a database using the Science Citation Index (WoS TM Core
Collection) as the source of international bibliographic information. A search query of
TS = (“microbial agent” OR “microbe” OR “bacterial agent”) AND TS = (“improve” OR
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“restoration” OR “amendment”) AND TS = (“soil” OR “soil fertility” OR “crop yield”
OR “soil-borne pathogen”) was applied, excluding review articles to prioritize original
research contributions and minimize citation bias, with a time span from 1 January 2003
to 31 December 2024. Data cleaning involved removing duplicates using EndNote X20
(95% title–author similarity threshold) and manually excluding irrelevant studies (e.g.,
marine or medical applications). A total of 3964 papers related to microbial improvement
of soil were included in the analysis (Figure 1). The Chinese literature data source was
determined through keyword searches in the China National Knowledge Infrastructure
(CNKI) database, restricted to journals indexed in the Chinese Science Citation Database
(CSCD), Peking University Core, or Engineering Index (EI) to ensure quality. In the
advanced search box, the query “microbial agents + soil improvement” was used with a
time limit from 2003 to 2024, and non-English publications were cross-checked by bilingual
researchers to align with the study scope. After rigorous screening, 118 relevant papers
from Chinese sources were retained. All raw datasets are publicly accessible via the
WoS and CNKI platforms, ensuring transparency and reproducibility. Data validation
included duplicate removal and manual verification by independent researchers to confirm
consistency with inclusion criteria.

Figure 1. Research methodology steps.

2.2. Analysis Method

VOSviewer (version 1.6.20) software analyzed publication volume, annual keyword
trends, and institutional collaborations in the Web of Science [19] (Figure 2). The literature
from the CNKI database was not considered because the actual number after screening
to highlight duplicates and the irrelevant literature was below 60, making it difficult to
form a statistical pattern. Keyword co-occurrence/clustering networks were constructed to
visualize research hotspots, with a minimum keyword occurrence threshold set to 12 to
filter low-frequency noise and enhance thematic clarity. Temporal keyword evolution maps
highlighted shifting priorities, while country–institution collaboration networks were also
generated to assess global partnerships. VOSviewer settings utilized the Louvain clustering
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algorithm and association strength normalization to optimize network interpretability.
Annual publication counts and top journal rankings since 2003 were plotted using Origin
Pro (2021). These bibliometric approaches revealed the field’s current landscape, research
foci, and future directions [20].

Figure 2. Statistics on publication counts and annual publication counts in 20 countries, 2003 to
2024. Shows the change in the number of articles published in the field of microbial agents for
soil improvement in the last 20 years and the number of articles published in each country. This
sentence is translated into English to ensure scientific accuracy. Data from the Web of Science TM
Core Collection.

3. Bibliometric Analysis

3.1. Global Publication Trend Analysis

From 2003 to 2024, SCI-indexed publications on soil-improving microbial agents
increased annually, with distinct growth phases (Figure 2). The period 2003–2014 showed
high growth rates, while 2015–2024 exhibited slower relative growth but larger absolute
increases due to an expanded publication base. Post-2015 trends followed an exponential
trajectory (Figure 2), indicating accelerated research output alongside methodological
diversification. While the overall publication trend shows an increase, the temporary
decline in citations after 2022 may reflect research constraints due to the impact of the
epidemic and delays in indexing articles in the Web of Science database.

Clarivate’s 2024 Journal Citation Reports identified contributions from 104 countries,
with significant output disparities (Figures 2 and 3). China led with 1928 publications
(continuous 20-year growth), followed by the United States (789 publications, 19.8% of
global output), both maintaining upward trends.

At the institutional level, the Chinese Academy of Sciences (CAS) is the most prolific
institution in the world, with 477 papers. The U.S. Department of Agriculture’s Agricultural
Research Service (USDA ARS) and University of Florida published 45 and 43 papers,
respectively (Figure S1 and Table S2).
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Figure 3. Analysis of cooperation networks in the top 20 countries (2003–2024). Collaboration network
of the top 20 most productive countries. The node size increases with the number of publications
of each country. The distance between two nodes decreases with the increase in their association
strength. The thickness of the linking lines increases with the number of co-authored documents
published by two countries. The different colors of the nodes represent the different clusters of
countries.

3.2. Visualization Analysis of High-Frequency Keyword Co-Occurrence

Between 2003 and 2024, 9821 keywords were identified in microbial agent research
for soil improvement, with 169 high-frequency keywords (occurrence > 12, defined as
hotspots) highlighting research hotspots after manual deletion of duplicate keywords
(Figure 4, Table 1 and Table S4). During 2013–2023, terms including “soil”, “diversity”,
“nitrogen”, “carbon”, “rhizosphere”, “plant-growth”, and “bacteria” emerged as central
nodes in the keyword network.

Table 1. The top 10 keywords for research on soil improvement by microbial agents.

Rank Keyword Frequency Total Link Strength

1 rhizosphere 156 254
2 biochar 159 202
3 microbial community 159 184
4 soil microbes 120 118
5 phytoremediation 103 133
6 bacteria 105 197
7 sustainable agriculture 68 101
8 nitrogen 55 102
9 heavy metals 57 82

10 soil microbial
community 50 64

Note: the top 10 most frequently occurring keywords extracted by the bibliometric analysis software and their
total link strength.

The co-occurrence network clustered into three modules, representing core research
themes. The red module (“biochar”, “microbial community”, “phytoremediation”, “heavy
metals”, “bioremediation”) focused on biochar-induced microbial community dynamics
and their roles in nutrient cycling, particularly phytoremediation mechanisms for heavy
metal contamination. The green module (“microbiome”, “rhizosphere”, “sustainable
agriculture”, “biocontrol”, “metagenomics”, “plant-microbe interactions”, “arbuscular my-
corrhizal fungi”) emphasized rhizosphere microbiome functions, exploring stress resistance
enhancement through microbial symbiosis and arbuscular mycorrhizal fungi to advance
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sustainable agriculture. The blue module (“soil microbes”, “soil organic carbon”, “bacte-
ria”, “fungi”, “microbial biomass”, “phosphorus”, “nitrogen”) underscored the microbial
regulation of soil organic carbon cycling and nutrient (N/P) transformation mechanisms.

Figure 4. Co-occurrence network analysis of keywords in soil microbial research. Keywords are
represented by tags and circles. The sizes of the tags and circles indicate the importance of the
keywords. The greater the weight of keywords is, the larger the tags and circles of the project are.
The color of the item is determined by the cluster to which the item belongs. The lines between items
represent links. The closer the distance between keywords and the denser the lines are, the stronger
the correlation.

3.3. Analysis of Research Hotspots and Emerging Trends

Since keywords effectively summarize the main research themes, we further employed
keyword clustering networks to provide an overview of changes in research hotspots within
the field of microbial agents for soil improvement over the past 20 years. Figure 5a illus-
trates the annual variations in the keyword co-occurrence network, showing the keywords
that were predominant between 2010 and 2023, which indicates a significant increase in
research hotspots during this period (Table S3). This trend aligns with the rapid growth in
publication volume observed from 2015 to 2023, as shown in Figure 2, Figure 5b shows the
annual changes in keyword hotspots from 2018 to 2024 (Table S3), which transition from
purple to green to yellow. The purple keywords include “microbial biomass”, “nitrogen”,
“nutrient cycling”, “rhizobacteria”, “heavy metals”, and “remediation”; the green key-
words are “microbial diversity”, “soil microbes”, “rhizosphere”, “biochar”, and “sustain-
able agriculture”; and the yellow keywords include “bacterial community”, “soil health”,
“ecological restoration”, “microbial agent” and “metagenomics”. The results demonstrate
a shift in research trends within this field: around 2018, the focus was primarily on the
role of microorganisms in soil remediation and nutrient cycling. After 2021, the attention
shifted toward the application of molecular biological techniques, as well as the diversity
and community composition of microorganisms. More recently, emphasis has been placed
on the role of microorganisms in plant disease resistance and growth promotion.
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Figure 5. Interannual evolution of hotspots in the soil microbial research keyword co-occurrence
network from (a) 2003–2024 and (b) 2018–2024. The image shows the year-to-year change in keywords
(research hotspots); the color shift from dark blue to yellow indicates the transition of research
hotspots appearing from 2003 to 2024 (for example, (a) dark blue a = 2003, yellow = 2024; (b) dark
blue a = 2018, yellow = 2024), and the size of the circle indicates the weight of the keyword—the
bigger the circle, the higher the weight.

4. Classification of Microbial Agents

Microbial agents and fertilizers are widely utilized for soil improvement globally,
demonstrating benefits in agricultural productivity and environmental sustainability [21].
To elucidate their mechanisms, challenges, and applications, microbial agents are classified
through multiple criteria based on global research, industry standards, and bibliometric
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findings (Table 2). These distinctions are classified by form as liquid or solid formulations,
composition as single-strain or composite agents, functional roles encompassing organic
composting, soil remediation, disease resistance, and growth promotion, and microbial
types including bacterial, fungal, or actinomycete agents [22]. Proper application of these
agents enhances crop yields, soil quality, and ecological protection, offering a theoretical
foundation for optimizing agricultural practices [23].

Table 2. Classification of functional characteristics of microbial agents.

Classification Categorization Functional Characteristic Application References

Dosage form

Liquid agents

(1) Advantages such as ease of
preparation, ease of application, short
activation time, and rapid effectiveness.
(2) The ability to prevent soil-borne
diseases, maintain the balance of
rhizosphere microbial communities,
and degrade toxic substances.

Applicable for
seed/root treatment,
drip irriga-
tion/fertigation, and
water purifica-
tion/pollutant
degradation.

[24]

Solid agents

(1) Promoting plant growth and
increasing yield.
(2) Enhancing the activity of urease and
transaminase in soil, increasing the
content of available nitrogen, and
promoting nitrogen absorption.

Enhances long-term
soil enhancement
with latent-phase
efficacy while
functioning as basal
fertilizer.

[24,25]

Composite
method

Single agents

(1) Single function, with limited
adaptability.
(2) Targeted antagonism against
pathogens, pests, and soil-borne
diseases.

Resolving single soil
environment issues. [25]

Composite agents

(1) Compared to single microbial
agents, composite agents are more
efficient and stable in soil, promoting
crop growth.
(2) They can significantly increase the
nitrogen, phosphorus, and soluble leaf
protein content in plants, thereby
promoting plant growth.

Improve soil health
and crop growth;
inoculate
leguminous crops to
suppress wilt.

[26]

Functional
characteristic

Organic material
composting

agents

(1) Induces rapid thermophilic phase,
enhancing organic matter conversion.
(2) Eradicate pathogens, nematode
eggs, and compost contaminants.
(3) Effectively degrade odor-producing
organic macromolecules and suppress
putrefactive microorganisms.

Decompose diverse
organic materials
(e.g., straw, manure,
distillers’ grains,
plant litter, sewage
sludge).

[27]

Soil remediation
agents

(1) Promote the formation of soil
aggregates, increase soil porosity,
improve soil structure, and alleviate
compaction.
(2) Regulate soil pH, degrade pesticide
residues, and immobilize heavy metals,
mitigating salinization and alkalization.
(3) Enhance soil water and nutrient
retention capacity, promoting stable
and high crop yields.

Remediate
compacted/acidic
soils and
agrochemical/heavy
metal
co-contaminated
sites.

[28]
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Table 2. Cont.

Classification Categorization Functional Characteristic Application References

Functional
characteristic

Disease-
resistance agents

(1) Inhibit the proliferation of soil
pathogens, effectively preventing root
rot, damping-off, root-knot nematodes,
and other replant diseases.
(2) Enhance crop stress resistance,
improving tolerance to early frost, cold,
and lodging.

Applicable to field
crops such as wheat,
corn, and soybeans,
as well as economic
crops like vegetables,
fruit trees, and
medicinal plants.

[29,30]

Growth-
promoting agents

(1) Provide or activate nutrients,
stimulate root growth, and increase
yield.
(2) Improve the quality of agricultural
products by participating in the
synthesis of plant cell materials,
enhancing the content of beneficial
components such as proteins, sugars,
vitamins, and amino acids.

Applicable to field
crops such as wheat,
corn, and soybeans,
as well as economic
crops like vegetables,
fruit trees, and
medicinal plants.

[31,32]

Microbial
species

Bacterial agents

(1) Diverse in species, with strong
reproductive ability and complex
metabolism.
(2) Enhance soil fertility, improve soil
structure, increase soil bacterial
population, and combat soil pests and
diseases.

Enhances phospho-
rus/potassium
solubilization and
soil transformation
while suppressing
pathogenic microbes.

[33]

Fungal agents

(1) Form a network-like mycelial
structure, increasing contact
opportunities with contaminants on
particulate surfaces.
(2) Degrade diverse organic pollutants,
including polycyclic aromatic
hydrocarbons, petroleum
hydrocarbons, and halogenated
hydrocarbons.
(3) Enrich indigenous microbiota,
synergizing with native microbes-plant
roots to boost remediation.

It is suitable for the
remediation of sites
with organic and
composite
contamination, as
well as for land with
poor soil structure.

[34]

Actinomycete
agents

(1) Assist plants in nutrient absorption.
(2) Control the spread of plant
pathogens, exhibiting strong
antagonistic and parasitic effects on
pathogenic organisms.
(3) Actinomycetes secondary
metabolites exhibit antimicrobial
activity, enhance crop growth/yield,
ameliorate soil ecology, and
demonstrate eco-friendliness.

It can produce
antibiotics and is
used for wastewater
treatment, as well as
for the chemical
control of root-knot
nematodes.

[35]

Note: The table summarizes four microbial agent classification methods, their features, and applications. Microbial
agents may belong to multiple categories (e.g., a liquid formulation of Bacillus spp. can function as both a growth-
promoting and disease-resistance agent).

4.1. Microbial Agent Formulation Types

Microbial agents can be categorized by their formulation type into liquid and solid
microbial agents. Liquid microbial agents are typically prepared by suspending or con-
centrating microbial strains obtained from fermentation, which are then mixed with other
components, such as nutrients and trace elements. This type of microbial agent has ad-
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vantages such as ease of preparation process and short activation and initiation times,
allowing for rapid activation of the reactor and improved processing efficiency. Therefore,
it holds significant potential for development and application in practice [26]. For example,
Previous studies isolated the FE-1 fungal strain from farmland and formulated it into
a liquid microbial agent [36]. This agent effectively degrades fomesafen in the soil and
promotes root growth in plants, thereby reducing the impact of pesticide residues on crops.
Compared with liquid microbial agents, solid microbial agents have a longer shelf life
and lower strain loss rate, making them easier to store and transport. This is significant
for reducing the transportation and usage costs of the agents. Solid formulations have a
shelf life of up to 12 months, but activation takes 24–48 h, which may delay farm time;
liquid formulations have an activation time of <6 h but require cold-chain transportation.
Recent research has shown that, even after different periods of storage, the composting
effects of solid microbial agents remain similar [37]. These agents can effectively improve
compost maturity and shorten the composting cycle, further demonstrating the advantages
of solid microbial agents in terms of shelf-life and strain stability. Furthermore, research
has demonstrated that the application of both liquid and solid microbial agents can signifi-
cantly increase soil urease activity, thereby increasing the total nitrogen content in plants,
expanding the leaf area, and substantially increasing the chlorophyll content (as measured
by a soil–plant analysis development (SPAD) meter). This leads to an increase in the net
photosynthetic rate of leaves, with yield improvements of 26.9% and 34.4%, respectively,
compared with those of treatments without microbial agents [38].

4.2. Classification of Microbial Species and Functional Characteristics of Microbial Agents

Microbial agents are categorized by microbial type into bacterial, fungal, and acti-
nomycete agents. Bacterial agents, including Bacillus spp., lactic acid bacteria, rhizobia,
and Pseudomonas spp., enhance soil fertility and structure through metabolic diversity
and rapid reproduction [39]. For example, Bacillus siamensis promotes garlic growth and
alters soil enzyme activity via protease activity, siderophore production, and phosphorus
solubilization [40]. Fungal agents such as arbuscular mycorrhizal (AM) fungi improve
crop nitrogen uptake while reducing soil N2O emissions through regulation of nitrifica-
tion/denitrification genes [41]. Actinomycete agents, notably Streptomyces spp., suppress
plant pathogens via antagonism and parasitism, with Streptomyces albus demonstrating
superior biocontrol efficacy against cucumber root-knot nematodes [35].

Functionally, microbial agents are classified as growth-promoting, composting, disease-
resistance, or bioremediation agents. Growth-promoting agents enhance nutrient uptake
and stress tolerance through hormone secretion and nutrient solubilization. Their combined
application with bioorganic fertilizers elevates soil organic matter, phosphorus, potassium,
and microbial biomass in tea chrysanthemum systems [42]. Composting agents, including
Bacillus subtilis–Aspergillus niger consortia, accelerate organic matter degradation and
compost maturation [43]. Disease-resistance agents utilize actinomycetes—responsible for
67% of antibiotic production—to combat pathogens through antibiotic synthesis and nutri-
ent competition [44]. Bioremediation agents such as Bacillus licheniformis mitigate heavy
metal toxicity and pollutant residues, restoring soil microecosystem functionality [45].

4.3. Microbial Agents Can Be Classified on the Basis of Their Composition

Microbial agents can be classified into single microbial agents and composite microbial
agents on the basis of their composition. Single microbial agents (e.g., preparations contain-
ing only Bacillus subtilis) have limited functionality and environmental adaptability but are
highly targeted and suitable for specific disease control; compound microbial agents (e.g.,
EM microbial agents) can improve adaptability through multibacterial synergy, but at an
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increased cost. Many studies have demonstrated that the degradation or transformation of
many organic substances requires the synergistic action of multiple microorganisms [39].
Composite microbial agents, which are prepared by mixing two or more strains with
different functions at a specific ratio, offer stronger adaptability and stability than single mi-
crobial agents do, fully leveraging the synergistic advantages of the microbial community
for optimal application results [46]. Since the 1970s, in countries such as the United States,
Japan, and those in Europe, various composite microbial agents have been successfully de-
veloped, with the most successful being the effective microorganism (EM) agent developed
by Professor Teruo Higa of the University of Ryukyu in the early 1980s, which has been
widely used in more than 90 countries for agriculture, animal husbandry, and environ-
mental remediation, yielding significant economic, ecological, and social benefits [46]. The
research on microbial agents in China started later but has developed rapidly, and several
microbial agents have now been introduced, such as the successfully developed “Shenwei”
microbial ecological formulation, which, after extensive experimental application, has
begun to be widely used in agriculture, animal husbandry, and environmental applications,
achieving good societal, economic, and ecological benefits [47]. The use of this microbial
agent not only reduces the amount of chemical fertilizers needed but also degrades harmful
substances in the soil, enhances soil fertility, and improves soil resistance and resilience,
thereby improving the soil environment.

5. Soil Improvement Effects of Microbial Agents and Influencing Factors

5.1. Role of Microorganisms in the Regulation of Soil Physicochemical Properties

Microorganisms play a crucial role in regulating nutrient cycling and transformation
in soil and plants, serving as indispensable and highly active biological agents in soil. To
varying degrees, the abundance and diversity of microorganisms in the soil control the
direction of soil nutrient transformation, the types of compounds produced, and the ex-
change flux in the soil. Soil microorganisms play a key role in nutrient cycling, particularly
for elements such as C, N, and P, by participating in processes such as autotrophic carbon
fixation, by driving the soil carbon cycle, and by regulating soil phosphorus availability,
making them important contributors to soil health regulation [48] (Figure 6 and Table 3).

Table 3. Microbial species involved in the regulation of soil physicochemical properties and their
functions.

Microbial
Function

Mechanism Genus/Species References First Author Year

Carbon Cycle

Microbial decomposition
of organic matter, CO2

fixation via
photosynthesis.

Cyanobacteria,
Streptomyces [49] Falkowski, P.G. 2008

Nitrogen Cycle

Nitrogen fixation,
nitrification,

denitrification, and
ammonification.

Rhizobium,
Nitrosomonas [50] Kuypers,

M.M.M. 2018

Phosphorus
Cycle

Solubilization,
mineralization, and

uptake via phosphatases.
Pseudomonas,Bacillus [51] Richardson, A.E. 2009

Soil Microbes
Resist

Pests/Diseases

Antibiotic production,
induced systemic
resistance (ISR).

Pseudomonas
Fluorescens, Bacillus

Subtilis
[52] Pieterse, C.M.J. 2014
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Table 3. Cont.

Microbial
Function

Mechanism Genus/Species References First Author Year

Microbial
Degradation of

Petroleum

Hydrocarbon
degradation via
oxygenases and
biosurfactants.

Pseudomonas Putida,
Alcanivorax
Borkumensis

[53] Denaro, R. 2021

Microbial
Degradation of

Pesticides

Enzymatic breakdown
(e.g., hydrolases,
oxidoreductases).

Arthrobacter,
Pseudomonas [54] Singh, B.K. 2009

Microbial Heavy
Metal Tolerance

Biosorption,
bioaccumulation, and

detoxification via
metallothioneins.

Geobacter, Cupriavidus
Metallidurans [55] Nies, D. 1999

Plastic
Degradation Enzymatic hydrolysis Ideonella Sakaiensis,

Aspergillus Niger [56] Yoshida, S. 2016

Note: The content of the table explains the various functions and processes in which microorganisms are involved
in regulating the physical and chemical properties of soil shown in Figures 6 and 7. These include the carbon cycle,
nitrogen cycle, phosphorus cycle, the resistance of microorganisms to soil pests and diseases, the degradation of
pesticide pollution, petroleum degradation, enhanced tolerance to heavy metals, plastic degradation, as well as
regulatory mechanisms and references.

Figure 6. The main process of microbially mediated regulation of soil physical and chemical prop-
erties. The figure depicts the essential roles of soil microorganisms in mediating biogeochemical
cycles (carbon, nitrogen, and phosphorus cycles), highlighting their indispensable contributions to
soil formation, development, and amelioration processes.
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Figure 7. The main functional framework showing the mechanisms by which microorganisms affect
soil health. Soil microorganisms are sensitive to changes in soil conditions, the relationship between
soil microorganisms and soil health, and the mechanisms by which microorganisms purify, repair, and
improve soil physicochemical properties by participating in a variety of biochemical processes and
thereby maintaining soil health (for example, microbial communities dominated by fungi degraded
microplastics significantly more efficiently than bacteria, a finding that provides direct evidence for
targeted regulation of functional microbes for remediation of contaminated soils.).

5.1.1. Microorganisms Are Involved in the Assimilation and Mineralization of
Organic Carbon

Microorganisms regulate the soil carbon balance by participating in the assimilation
and mineralization of organic carbon. The extracellular and intracellular enzymes secreted
by microorganisms are key factors contributing to soil enzymatic activity, with the extra-
cellular enzymes that catalyze the transformation of organic and inorganic substances in
soil being the primary agents driving soil organic carbon mineralization [57] (Figure 6
and Table 3). Recent studies on the soil carbon pump theory suggest that, after the exte-
rior modification of recalcitrant organic substrates into small, easily absorbable molecules
through extracellular enzymes, microorganisms carry out internal turnover, leading to the
iterative accumulation of microbial residues and promoting the formation of organic matter.
This process ultimately results in the stabilization of such compounds in the soil via the
microbial “entombing effect”, which significantly contributes to the accumulation of soil
organic carbon (SOC) [58]. The physiological characteristics of individual microorganisms
and the ecological traits of microbial communities regulate the diversity of soil ecological
functions, thereby influencing soil mineralization. The production of microbial residues
is controlled by three physiological characteristics: the microbial growth rate (MGR), the
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carbon use efficiency (CUE), and the microbial biomass turnover rate (MTR) [59]. Studies
have shown a significant correlation between soil CUE and soil SOC, and since the compo-
sition and diversity of soil microbial communities are key factors influencing soil CUE, the
contribution of soil microorganisms to CUE and SOC is highly important. However, the
mechanisms by which individual microorganisms and microbial communities drive soil
carbon accumulation through assimilation still require further investigation [60,61].

5.1.2. Regulatory Role of Microorganisms in Soil Biological Nitrogen Fixation

Biological nitrogen fixation (BNF) in soil mainly occurs through the following path-
ways: (1) symbiosis with leguminous plants to form root nodules; (2) associative nitrogen
fixation without root nodule formation; and (3) nitrogen fixation by bacteria such as
cyanobacteria, Azotobacter, and Clostridia [62,63] (Figure 6 and Table 3). In addition, the ef-
ficiency of biological nitrogen fixation can be enhanced through the exogenous application
of organic materials, microbial agents, and other measures. Inoculation with nitrogen-
fixing bacteria can also promote biological nitrogen fixation; however, challenges include
competition for nutrients with indigenous microbial communities, unstable host-symbiont
compatibility, and difficulty in ensuring nitrogen fixation capacity throughout the entire
lifecycle [64]. Biological nitrogen fixation involves the conversion of atmospheric nitrogen
(N2) into ammonium (NH+

4 ), which is then oxidized in the soil by ammonia-oxidizing
archaea and bacteria to form nitrate (NO−

3 ) or further converted into nitrate (NO−
3 ) through

nitrite oxidation by nitrifying bacteria. However, biological nitrogen fixation produces the
byproduct N2O, a potent greenhouse gas that exacerbates the atmospheric greenhouse
effect. Soil microorganisms carrying genes for N2O reductase (encoded by nosZ) can reduce
N2O to N2 [63,65] (Figure 6 and Table 3). Thus, it is evident that microorganisms play
crucial roles in driving the soil nitrogen cycle and regulating soil nitrogen availability.

5.1.3. Microbial Regulation of Soil Phosphorus Availability

Plants acquire phosphorus primarily from soil, where it exists as organic (bound in
recalcitrant compounds) and inorganic forms. While organic phosphorus requires microbial
mineralization to release plant-available inorganic phosphate (Pi), inorganic phosphorus
dominates (60–80% of total soil phosphorus) yet is largely immobilized through adsorption
or mineral fixation [66]. Only 1% of inorganic phosphorus exists as soluble forms (e.g.,
water-soluble Pi bound to low-molecular-weight organics), directly accessible to plants.
Plant roots enhance Pi mobilization via phosphatase secretion, aided by microbial activity.
Soil microorganisms sustain phosphorus availability through three key functions: (1) sol-
ubilizing mineral phosphorus, (2) mineralizing organic phosphorus, and (3) facilitating
plant uptake and translocation [67] (Figure 7 and Table 3). By balancing organic-inorganic
phosphorus conversion and enriching soil organic phosphorus pools, microbes ensure
sustained nutrient supply for soil–plant ecosystem health.

5.1.4. Microbial Improvement of Soil Physical Structure

Soil aggregates, critical for nutrient storage and ecosystem function, maintain water
stability, root development, and erosion resistance (Figure 7 and Table 3). Their formation
requires cementing agents (e.g., humus, polysaccharides, microbial secretions) and aggrega-
tion forces (e.g., wet–dry cycles, biological activity). Humus, the primary stabilizing agent,
originates from microbial transformation of organic matter. Biological forces—particularly
microbial activity, root growth, and burrowing fauna—drive aggregate development [68].

Microorganisms enhance aggregation through three mechanisms: (1) secreting extra-
cellular polymeric substances (EPS) to bind particles, (2) utilizing cell surface charges for
electrostatic adhesion, and (3) entangling particles via fungal/actinobacterial hyphae [69]
(Figure 7 and Table 3). Microbial spatial heterogeneity further facilitates aggregate forma-
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tion, with diverse communities synergistically improving soil structure. Thus, microorgan-
isms are pivotal in establishing stable aggregate networks [70].

5.2. Microbial Improvement of the Soil Biological Environment

The ecological effects of microorganisms on improving the soil environment are re-
flected primarily in an increase in the population of beneficial microorganisms, an inhibition
of pathogen growth, an increase in soil resistance, the degradation of harmful substances
in the soil, and restoration of the soil biological environment.

5.2.1. Microbial Resistance to Stress and Control of Soil Pests and Diseases

Soil microorganisms play vital roles in countering biotic and abiotic stresses, directly
influencing soil health and plant resilience [69]. Beneficial microbes enhance soil disease
resistance through competition, predation, parasitism, and secretion of antagonistic com-
pounds (Figure 7 and Table 3). Their adaptive strategies to environmental stress include:
(1) metabolic adaptation via altered pathways to produce stress-specific metabolites; (2)
dynamic regulation of gene expression timing and intensity; and (3) cooperative resource-
sharing networks that suppress pathogen colonization [70]. For instance, bacterial-fungal
synergies enable resource exchange while maintaining ecological equilibrium [71]. Such
interconnected microbial networks enhance soil–plant health, underscoring microbial bio-
therapy as a promising strategy to enrich beneficial taxa, reduce pathogens, and improve
soil resilience.

5.2.2. Microbial Control of Pollution and Degradation of Harmful Substances

Soil microorganisms critically transform and detoxify pollutants such as petroleum
hydrocarbons, microplastics, and heavy metals, which disrupt microbial communities and
soil ecosystem functions [72,73]. Petroleum remediation relies on bioaugmentation with
microbial agents, as biostimulation alone often fails to degrade complex hydrocarbons.
Enzymatic processes—including oxidation, reduction, and decarboxylation—break hy-
drocarbons into CO2, H2O, and benign byproducts [74]. For microplastics, extracellular
enzymes and radicals depolymerize plastics into oligomers, which are mineralized into
CO2, H2O, and N2 [75] (Figure 7 and Table 3). Fungal-dominated communities exhibit supe-
rior degradation efficiency compared to bacteria, highlighting the importance of enhancing
fungal diversity [76,77].

Heavy metal remediation leverages microbial bioadsorption, immobilization, and
redox reactions. Microorganisms chelate metal ions via extracellular polymeric substances
(EPS) or intracellular sequestration, offering an eco-friendly alternative to physicochemical
methods that risk secondary pollution [78]. These mechanisms—combined with metal
ion-EPS complexation—enable efficient, low-cost immobilization of contaminants [79,80].

5.3. Microorganisms as Predictors of Soil Health

Soil microorganisms naturally respond strongly to various physicochemical changes
in soil, showing direct or indirect reactions to changes in the soil environment, making
them sensitive indicators of soil health [81]. Following the inoculation of microbial agents
into the soil, these agents interact with the soil ecosystem through various mechanisms,
including antagonism, competition, metabolic inhibition, and symbiosis, and their proper
application can positively influence microbial activity, diversity, and community structure
within soil [82]. The diversity, biomass, abundance, health and community structure of
microorganisms in soil, as determined by metagenomics techniques, are closely related to
soil environmental conditions, such as soil-borne diseases, soil pollution, nutrient content,
soil texture and soil structure. For example, studies have shown that soil pathogens and
viruses can serve as indicators for diagnosing soil health and quality, while the activity
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of soil enzymes can reflect the physical and chemical properties, microbial activity, and
biodiversity of soil, all of which are closely linked to the functional diversity of soil [83].
Additionally, research has shown that the ratio of microbial biomass carbon to soil organic
carbon (Cmic:Corg) serves as an indicator of soil organic carbon status, with values ex-
ceeding the reference ratio found in mature forests, indicating an accumulation of organic
carbon, whereas values below this threshold suggest a depletion [84] (Figure 7). Microor-
ganisms are sensitive indicators of soil health, and specific microbial groups are strongly
correlated with soil variables, playing a crucial role in guiding the application of targeted
microbial inoculants or the use of microbiome engineering techniques to modulate soil
microbial communities and improve soil health.

Determination of soil microbiota through microbial red macrogenomic engineering
techniques and prediction of soil health based on soil microbiota has become a prominent
research focus. In studies on the comprehensive assessment and prediction of soil health,
microbial communities have demonstrated predictive accuracy rates ranging from 50% to
95% for soil quality indices and 80% for overall soil health indices [85]. Recent studies have
combined macrogenomics (e.g., functional gene phoD abundance to predict phosphorus
effectiveness) and stable isotope probes (SIPs, which track 13C-labeled microbial metabolic
activity) to develop predictive models of soil health. For example, generalized linear
modeling (GLM) allows quantitative assessment of soil denitrification potential through
the negative correlation between nosZ gene abundance and N2O emissions [64]. In addition,
15N isotope tracing revealed the contribution of AM fungi to plant N uptake [65], providing
new indicators of microbial regulation of soil health. These findings indicate the feasibility
of using the microbiome to predict soil health status.

5.4. Limitations of Microbial Agent Application

Current research identifies six key limitations in microbial agent use for soil improve-
ment: (1) competition with indigenous microbiota, poor environmental adaptability, and
limited proliferation post-inoculation [86]; (2) variable efficacy under field conditions; (3)
methodological constraints in microbial research requiring advanced technological integra-
tion; (4) high cultivation costs and complexity; (5) insufficient understanding of multi-strain
synergies and long-term safety; (6) limited functionality under extreme environments, with
rare efficient strain availability [87].

Globally, microbial agent technologies are well-established, whereas China’s later-
starting research has focused on strain selection but lags in field application and commer-
cialization. Unregulated usage, including misuse and overapplication, further complicates
implementation. Despite these challenges, expanding microbial agent applications in
pollution control remains a critical priority amid escalating environmental crises.

6. Conclusions

Over the past three decades, global research on microbial inoculants for soil improve-
ment has expanded rapidly, driven by technological advancements and societal demands.
China, facing urgent ecological and economic challenges, emerges as the largest contributor
to Web of Science publications in this field, followed by the United States, with both nations
leading disciplinary frontiers (Figure S1). Bibliometric analysis (2003–2024) highlights the
Chinese Academy of Sciences as the top institution in publication output, citations, and
international collaboration (Figure S1). Key journals, including Frontiers in Microbiology,
Science of the Total Environment, Soil Biology & Biochemistry, and Applied Soil Ecology, underpin
scholarly advancements (Figure S2 and Table S1). While China demonstrates strengths
in theoretical research, harmonizing ecological restoration with sustainable development
remains a critical priority, it needs to establish a ‘microbe-plant–soil’ interdisciplinary
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research platform, prioritize funding for long-term field trials (e.g., the Saline Fungus
Combined Restoration Project), and incorporate the ecological benefits of microbial agents
into its agricultural subsidy policy in order to promote the deeper integration of ecological
restoration and sustainable agricultural development(Figure S3).

International research has shown quantifiable progress with microbial inoculants,
with an approximate 38-fold increase in relevant SCI publications from 14 in 2003 to 552
in 2024. Studies have demonstrated significant progress in microbial inoculants for soil
improvement, focusing on biodiversity, soil carbon/nitrogen cycling, microbial community
assembly, and pollution bioremediation [88,89]. Macrogenomics has revealed the central
role of functional genes in petroleum hydrocarbon degradation, while heterologous ex-
pression of laccase genes (laccases) has led to an increase in the efficiency of polyethylene
degradation by fungi. In addition, synthetic biology tools are being used to construct
highly efficient composite fungicides, providing a new direction for bioremediation tech-
nology [88,89]. China, despite its extensive theoretical research on soil microbial zonation
characteristics, rhizosphere microbial interactions, and functional diversity [90], started
relatively late in applied studies of microbial inoculants. The CNKI database reveals only
over a hundred related publications, indicating insufficient empirical research and an
urgent need to refine practical application frameworks.

Bibliometric analysis highlights three core research priorities: (1) enhancing func-
tional strain screening via high-throughput sequencing to isolate key species adaptable
to soil environments, capable of improving fertility and ecosystem health [88]; (2) de-
ciphering microbial interspecies interactions and soil-microbe signaling pathways [89];
(3) identifying environmental drivers of inconsistent field efficacy through inoculation
trials [91]. Future research should focus on three major directions: (1) cross-domain
bacterial agent development: constructing bacteria–fungus–archaea consortium (e.g., Bacil-
lus-Aspergillus–Methanotrophs synergistic system), which has been shown to have a higher
yield-increasing effect than a single bacterial agent in field trials; (2) intelligent optimiza-
tion technology: combined with machine learning models (e.g., Random Forest algorithm
to predict fungicide adaptability), it realizes dynamic regulation of inoculation strategy;
(3) eco-certification system: establish soil health grading standards based on microbial
biomarkers (e.g., Cmic:Corg ratio, nosZ gene abundance) to promote both policy- and
market-driven incentives. Current limitations stem from incomplete mechanistic under-
standing, delayed effects of inoculants, and field performance variability. Integrating
laboratory and field experiments to develop synergistic “microbial–physicochemical re-
mediation” systems will advance cost-effective, eco-friendly solutions. This approach not
only addresses the shortcomings of conventional techniques but also drives innovation
in soil restoration engineering, supporting China’s ecological agriculture and sustainable
development goals.
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Abstract: Petroleum pollution has become a substantial challenge in soil ecology. The
soil bacterial consortia play a major role in the biodegradation of petroleum hydrocar-
bons. The main objective of this study was to assess changes in bacterial composition
and diversity in oil-contaminated dryland soils. The Illumina MiSeq high-throughput
sequencing technique was used to study the bacterial diversity and structural change in
hyper-arid oil-contaminated soil in the Arava Valley of Israel. The diversity and abun-
dance of soil bacteria declined significantly following oil pollution. The dominant phyla in
the petroleum-contaminated soils were Proteobacteria (~33% higher vs. control soil) and
Patescibacteria (~2.5% higher vs. control soil), which are oil-associated and hydrocarbon-
degrading bacteria. An opposite trend was found for the Actinobacteria (~8%), Chloroflexi
(12%), Gemmatimonadetes (3%), and Planctomycetes (2%) phyla, with the lower abundances
in contaminated soil vs. control soil. Investigation of long-term contaminated sites revealed
significant genus-level taxonomic restructuring in soil bacterial communities. The most evi-
dent changes were observed in Mycobacterium, Alkanindiges, and uncultured bacterium-145,
which showed marked abundance shifts between spill and control soils across decades.
Particularly, hydrocarbon-degrading genera such as Pseudoxanthomonas demonstrated per-
sistent dominance in contaminated sites. While some genera (e.g., Frigoribacterium, Leifsonia)
declined over time, others—particularly Nocardioides and Streptomyces—exhibited substan-
tial increases by 2014, suggesting potential ecological succession or adaptive selection.
Minor but consistent changes were also detected in stress-tolerant genera like Blastococcus
and Quadrisphaera. The effect of oil contamination on species diversity was greater at
the 1975 site compared to the 2014 site. These patterns highlight the dynamic response
of bacterial communities to chronic contamination, with implications for bioremediation
and ecosystem recovery. The study results provide new insights into oil contamination-
induced changes in soil bacterial community and may assist in designing appropriate
biodegradation strategies to alleviate the impacts of oil contamination in drylands.

Keywords: bacterial community; crude oil; environmental contamination; hyper-arid
ecosystem; natural bioremediation; total petroleum hydrocarbons (TPHs)

1. Introduction

Contamination of soil and water by crude oil, a worldwide environmental chal-
lenge [1], causes severe damage to ecosystems [2,3].

Agronomy 2025, 15, 1198 https://doi.org/10.3390/agronomy15051198
99



Agronomy 2025, 15, 1198

Such pollution degrades or destroys soils, leads to secondary pollution of air and
groundwater, decreases soil–water permeability, and reduces or inhibits the growth of soil
organisms [4,5]. Further, crude oil contains many mutagenic and carcinogenic compounds
that may cause fatal effects at the genetic level, due to their toxicity [6]. The main compo-
nents of crude oil are aromatic and saturated hydrocarbons, asphaltene, and colloids [7],
which decompose slowly after entering the soil [8].

The reactive components of oil can interact with inorganic phosphorus and nitrogen,
inhibiting both dephosphorization and nitrification processes, and reducing the availability
of these essential nutrients in the soil [9]. Microorganisms require nutrients like nitrogen
and phosphorus for their growth and metabolism activities during hydrocarbon degrada-
tion. Consequently, this nutrient limitation can reduce the absorption of water and essential
nutrients by plant roots, ultimately inhibiting primary productivity [10]. Continued exis-
tence of oil also leads to the accumulation of heavy metals and inorganic salts, increasing
the risk of groundwater contamination [11,12].

Crude oil has low water solubility, limiting its availability to microorganisms for
degradation [13]. This challenge is further intensified in xeric environments, where water
scarcity hampers microbial activity and contaminant transport. Additionally, xeric environ-
ments often experience extreme temperatures and high salinity due to evaporation, further
stressing indigenous microorganisms, inhibiting enzyme activity, and reducing overall
microbial diversity and functionality [14]. As a result, xeric ecosystems are more fragile
than mesic ones, taking longer to recover from disturbances. Oil pollution in dryland
environments can therefore cause severe ecological damage and significantly alter soil
properties [15]. In these systems, where biotic activity is already low due to sharp fluctua-
tions in water availability, radiation, and temperature, the biodegradation of hydrocarbon
contaminants by native soil microorganisms is a slow and complex process [16].

Since microorganisms are effective in degrading petroleum products, it is impor-
tant to understand changes that take place in the microbial composition following oil
contamination [17]. The main microbial hydrocarbon decomposition pathways take place
under aerobic conditions. In aerobic conditions, these microorganisms convert the danger-
ous organic pollutants from crude oil into compounds such as CO2 and H2O [18]. Nonethe-
less, bacteria can also utilize hydrocarbons anaerobically [19]; they convert the dangerous
organic pollutants from crude oil into CH4. Interestingly, it has been demonstrated that
bacteria can decompose aliphatic and aromatic compounds, whereas fungi are also able
to degrade polycyclic aromatics. Moreover, bacteria utilize specific metabolic pathways
to degrade hydrocarbons, including those involving dioxygenase and alkane monooxy-
genase. Additionally, some hydrocarbon-degrading microorganisms adapt by producing
and secreting surfactant compounds that emulsify hydrocarbon and form micelles, which
are subsequently taken up later through various mechanisms [7]. Such bacteria become
more abundant in oil-polluted soils. Salinity plays a significant role in the distribution of
microorganisms, particularly with petroleum pollution. It tends to reduce the abundance
of non-salt-tolerant microorganisms while fostering an increase in salt-tolerant species.
This shift reflects the adaptability of microbial communities to changing environmental
conditions [20]. Yet, changes in the microbial composition can have serious deleterious
effects on soil functions. Therefore, the modified abundance of microorganisms comprises
an important indicator for restoring soil vitality [21,22].

Many studies have discovered that there are numerous hydrocarbon-degrading bacte-
ria in oil-rich environments [14,23]. Their community composition was found to be related
to the petroleum hydrocarbon types and the environmental conditions [24,25]. More than
79 genera of bacteria capable of degrading petroleum hydrocarbons were identified. These
include Mycobacterium, Achromobacter, Marinobacter, Acinetobacter, Arthrobacter, Alkanindiges,
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Alteromonas, Burkholderia, Streptococcus, Enterobacter, Pseudomonas, Staphylococcus, Strepto-
bacillus and Rhodococcus [18,26–28]. Interestingly, “conditionally rare taxa” in soil, such
as Alkanindiges spp., were reported to undergo rare-to-dominant shifts which are greatly
affected by environmental constraints, including diesel pollution [24]. In addition, some
Obligate Hydrocarbon Clastic Bacteria, including Thallassolituus, Cycloclasticus, Alcanivorax,
Marinobacter, Oleispira, and others, were scarce or undetectable before petroleum pollution
and dominant after it [29].

Significant knowledge gaps remain in understanding the long-term ecological impacts
of oil pollution and bioremediation in xeric ecosystems. The objective of the present study
was to assess the effects of crude oil contamination on the soil microbial community com-
position and diversity. The study was conducted in the Evrona Nature Reserve, which
is found in the hyper-arid (sandy loam soil) Arava Valley of southern Israel, where two
petroleum hydrocarbon spills occurred. The first pollution event occurred 47 years ago
(1975) and was never treated. This presents a unique time-point perspective in relation
to the second, comparatively recent (2014) contamination event. Thus, soil samples were
collected 47 years and 7 years after the spills, from the two contamination sites. The compar-
ison of the two pollution sites enabled an investigation into the extent and progression of
natural bioremediation over time. Molecular tools were used to analyze microbial diversity
as well as to determine the effect of oil contamination on the soil bacterial community after
47 years [30]. We hypothesized that the bacterial community undergoes changes following
oil spill contamination, and only bacterial species that adapt to the new, harsh, contami-
nated environment survive.

2. Materials and Methods

2.1. Study Site

The Evrona Nature Reserve (29.670349 N; 25.003633 E; 30 m.a.s.l.) is located in the
southern Arava Valley of Israel. The valley’s lithology is highly varied, and mainly com-
prises marine calcareous rocks, such as chalk, limestone, and marl, alongside granite and
magmatic rocks. The region’s soils are composed of coarse desert alluvium and sandy
alluvium, with sandy loam texture being predominant. The climate is hyper-arid, with
mild winters (mean daily temperature of 15 ◦C in January) and very hot summers (mean
daily temperature of 32 ◦C in July). Annual precipitations are rather erratic, and average
annual rainfall is 30 mm. Mean annual potential evapotranspiration is 2600 mm.

2.2. Soil Sampling

Topsoil samples (0–10 cm) were collected in October 2021. The samples were obtained
from the 1975 and the 2014 contamination sites, 47 and 7 years after the spills, respectively.
For each of the sites, soil samples were obtained from three oil-contaminated ephemeral
stream channels and three nearby non-contaminated (control) ones. In each contaminated
and control area, a 50 m2 plot was delineated. Soil was collected from five randomly
selected locations across each plot and pooled into one sample (~1 kg) which represents the
plot. In total, 12 samples representing the 12 plots were taken. The samples were placed
in separate plastic bags and kept in a cooler box until they arrived at the laboratory. The
samples were sieved with a 2 mm mesh and divided into two parts. One part was kept at
−20 ◦C for genetic analysis, and the second was kept at 4 ◦C for abiotic analysis.

2.3. Soil Moisture (SM) Content and Electrical Conductivity (EC)

SM was determined gravimetrically by drying soil samples for 24 h at 105 ◦C (ex-
pressed as percentage of dry weight) [31].
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EC was determined by an auto-ranging EC/temp meter (TH2400, EI-Hamma, Algeria)
in the filtered supernatant (1:10 soil–double-distilled water ratio). This was followed by
shaking for 30 min (160 rpm) and overnight incubation [32].

2.4. Organic Matter (OM) Content

Soil samples were placed in a muffle furnace at 400 ◦C for 6 h, to determine soil organic
matter content.

2.5. Soil pH

Soil pH was determined using a pH electrode in a filtered supernatant of a mixture
containing 20 g soil and 40 mL distilled water (1:2 soil–water ratio). This was followed by
shaking for 10 min (160 rpm) and overnight incubation at room temperature.

2.6. Microbial Community Diversity Determination

DNA extraction: DNA was extracted from 0.5 g of soil, using an Exgene soil DNA
minikit (GeneAll, Seoul, Republic of Korea); 550 μL buffer SL (extraction buffer), 900 μL
buffer TB (tissue binding), 500 μL buffer NW (wash buffer N), 50 μL buffer RH, 300 μL
buffer PD, and 50 μL elution buffer were used. Samples were centrifuged between each
extraction step in a 5810R Eppendorf centrifuge.

Polymerase chain reaction (PCR): Partial sequences of the bacterial 16S ribosomal RNA
(rRNA) gene region from the extracted DNA were amplified by PCR, using 1.0 μL extracted
DNA, 1 μL CS1-515F (ACACTGACGACATGGTTCTACAGTGCCAGCMGCCGCGGT),
and 1 μL CS2-806R (TACGGTAGCAGAGACTTGGTCTGGACTACHVGGGTWTCT) [33].
PCR was carried out in an Applied BiosystemsVeritiTM 96-Well Thermal Cycler (Thermo
Fisher Scientific, Waltham, MA, USA). The 25 μL reaction mix used for the PCR runs
consisted of 1.0 μL extracted DNA, 1 μL forward and reverse primers, 12.5 μL HS Taq Mix
Red (PCR Biosystems, London, UK), and 9.5 μL ultrapure water. The PCR conditions used
were 3 m at 98 ◦C, 20 cycles of 30 s at 98 ◦C, 30 s at 55 ◦C, and 60 s at 72 ◦C, followed by
5 m at 72 ◦C. The amplified DNA was stored at −20 ◦C until sequencing.

The final PCR products were detected by Hylabs Inc. (Rehovot, Israel), using the
Fluidigm Access Array primers for Illumina to generate libraries compatible for sequencing
on the Miseq. The samples were assessed for concentration by Qubit and for size by Tape
Station. They were then sequenced on the Illumina Miseq using a Miseq V2 sequencing kit
(500 cycles) to generate 2 × 250 paired end reads. Sequencing data have been deposited to
NCBI under accession number PRJNA841836.

2.7. Data Analysis

The data were de-multiplexed using the Illumina Base Space cloud to generate two
FASTQ files for each sample. The FASTQ files were imported into CLC-bio and analyzed:
reads were trimmed for quality and adaptor sequences, merged, and subjected to OTU
picking in order to generate abundance tables. Reads were processed in QIIME, version
1.7.0 [34]. The reads were first clustered into operational taxonomic units (OTUs) at the
>97% similarity level using UCLUST, with the open reference protocol. Taxonomy was
assigned to each OTU using the Greengenes [35] database. Downstream diversity analyses
(including alpha and beta analyses) were run using Qiime. A 480 bp fragment was amplified
and sequenced. Bacterial diversity was grouped at the class level. All bacterial classes with
an abundance lower than 1% were eliminated.

Data were subjected to statistical analysis of variance using the SAS model (ANOVA,
Duncan’s multiple range test, Pearson correlation coefficients) to assess differences in
the studied properties. ANOVA was followed by Tukey’s HSD test for assessing the
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significance of differences, using the statistical package Statistica 4.3. Differences were
considered significant at p < 0.05.

3. Results

3.1. Soil Physicochemical Properties

Results of abiotic analysis of soils are presented in Table 1. The mean soil moisture
content (SM) was significantly higher (p < 0.05), and mean organic matter content (OM)
was not significantly higher (p < 0.5) in the spill areas (1975 and 2014) than in the control
soils (Table 1, Figure 1).

Table 1. Mean (±SD; n = 3) values of physicochemical properties of soil samples obtained from the
1975 and 2014 sites.

Soil
Moisture (%)

Organic
Matter (%)

pH
Electrical Conductivity

(μS cm−1)

1975 Control 0.28 ± 0.04 0.13 ± 0.01 8.12 ± 0.11 111.60 ± 16.57
1975 Spill 0.41 ± 0.06 0.28 ± 0.04 7.95 ± 0.05 87.80 ± 23.90

2014 Control 0.49 ± 0.03 0.13 ± 0.03 7.91 ± 0.05 272.67 ± 67.20
2014 Spill 0.75 ± 0.21 0.59 ± 0.09 7.93 ± 0.14 348.67 ± 158.60

Figure 1. Soil moisture (SM) and organic matter (OM) content of soils from spill and control samples.

The mean SM value was lower in the 1975 control (p < 0.2) and spill soils (p < 0.2) than
in the 2014 control and spill soils, respectively. Similar mean OM values were recorded for
the control soils of the 1975 and 2014 spills, whereas OM for the 2014 spill samples was
higher than that in the 1975 spill soil (Table 1, Figure 1). No significant differences between
the control and contaminated soils were found for pH. At the same time, mean pH values
of the 1975 control soil (8.12 ± 0.11) were higher than in the 1975 spill soil (7.95 ± 0.05). An
opposite trend was recorded for the 2014 soil, in which the mean pH of control soil was
lower (7.91 ± 0.05) than that in the spill soil (7.93 ± 0.14) (Table 1, Figure 2). Mean electric
conductivity (EC) was significantly higher (p < 0.05) in the control and spill soils from 2014
than in the 1975 control and spill soils. In the 1975 site, the mean EC values of the control
soil were higher than in the spill soil. An opposite trend was recorded for the 2014 spill
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soil, in which mean EC values were lower in the control soils than those in the spill soils
(Table 1, Figure 2).

Figure 2. Measured pH and electric conductivity (EC) parameters of soils from spill and
control samples.

3.2. Miseq Sequencing Results and Bacterial Community Structures

Amplification of the 16S rRNA gene of bacteria enabled application of the Illumina
high-throughput sequencing-by-synthesis approach [36]. This approach provides thorough
identification of bacterial community structures, including those that cannot be cultured
or detected using traditional approaches [37]. In total, 107,318 of the 16S rRNA gene
operational taxonomic units (OTUs) were observed. They had an average length of 250 bp.
The RDP classifier was used in hierarchical clustering analysis at a similarity threshold of
97%. The sequence information and bacterial diversity indices are presented in Table 2.

Table 2. Mean (±SD; n = 3) sequence information and bacterial diversity indices of soil samples
obtained from the 1975 and 2014 sites.

Mean No. of
OTUs ± SD

Evenness
Observed

Species
Chao1 Shannon–Weaver

1975 control 7373.3 ± 1090.5 0.6 ± 0.03 931.7 ± 75.1 1285.4 ± 55.7 5.8 ± 0.06
1975 spill 11,234.7 ± 2585.2 0.8 ± 0.01 338.7 ± 119.6 472.2 ± 171.8 3.5 ± 0.31

2014 control 8334.0 ± 524.7 0.6 ± 0.05 806.0 ± 28.3 1010.72 ± 59.1 5.2 ± 0.13
2014 spill 11,608.7 ± 981.6 0.8 ± 0.02 360.7 ± 57.6 477.4 ± 47.9 3.6 ± 0.39

The number of observed OTUs was higher in the contaminated soils compared to
both control soils (Table 2). Soil contaminated in 1975 hosted fewer species than soil
contaminated in 2014, whereas an opposite trend was documented for the control samples;
the 1975 control soil harbored fewer observed bacterial species than the 2014 control soil
(Table 2).
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The taxonomic diversity of the 16S rRNA bacterial genus detected in the soil samples,
whose relative abundance was greater than 1%, is presented in Figure 3 (genus abundance
greater than 1% in one soil sample but less in another was considered as greater than 1%).
The dominating genus detected in the 1975 spill soil was Alkanindiges (14.45%, belonging
to Proteobacteria phylum). This genus was absent in the 1975 control soil, very rare in the
2014 control soil (≤0.07%; Figure 3), and accounted for 4.61% in the 2014 spill soil (Figure 3).
The second dominating genus for the 1975 spill soil was Mycobacterium (9.78%, belonging
to Actinobacteria phylum), which was almost absent in the control soil (≤0.3%; Figure 3),
but in 2014 spill soil, its abundance was 4.10%. The third dominating genus for the
1975 spill soil was Acinetobacter (9.23%; also belonging to Proteobacteria phylum); its value
was double that of the 1975 control soil (4.53%). We also found Acinetobacter in the 2014 spill
soil, but its trend was the opposite: abundance in the spill soil was lower than in the
2014 control soil (2.21% and 7.28%, respectively; Figure 3). The fourth dominating genus
for the 1975 spill was Pseudoxanthomonas (8.43%; also belonging to Proteobacteria phylum),
which was almost absent in the 1975 control and 2014 control soils (≤0.01%; Figure 3) and
accounted for 6.57% in the 2014 spill soil (Figure 3). The fifth dominating genus for the
1975 spill was uncultured bacterium-145 (9.76%; also belonging to Proteobacteria phylum),
which was almost absent in the 1975 control and 2014 control soils (≤0.04%; Figure 3), and
was 31.92% higher in the 2014 spill soil (Figure 3).

Ambiguous taxa-025 genus (belonging to Actinobacteria phylum) was also found in
1975 spill soil (2.71%), 2014 spill soil (2.91%), and to a lesser extent in both control soils
(≤0.3%; Figure 3). Frigoribacterium, Leifsonia, Microbacterium (belonging to Actinobacteria
phylum), and uncultured bacterium-092 (belonging to Patescibacteria phylum) existed only
in spill soils though in lesser percentages than the abovementioned genera, and were
almost absent in the control soil. Blastococcus genus (belonging to Actinobacteria phylum)
existed in all samples in similar percentages (1975 spill—4.42%; 1975 control—3.08%;
2014 spill—5.69%; 2014 control—4.30%) (Figure 3). Minor changes also were observed
in the following bacterial genera: Quadrisphaera (1975 spill soil 1.93% and in control soil
0.36%; 2014 spill soil 1.08% and in control soil 0.50%), Nocardioides (1975 spill soil 1.11%
and in control soil 0.81%; 2014 spill soil 5.56% and in control soil 0.96%), and Streptomyces
(1975 spill soil 0.06% and in control soil 0.28%; 2014 spill soil 3.56% and in control soil
0.11%). Interestingly, the two most recent genera (Nocardioides, Streptomyces) showed a
primary increase in the 2014 spill site.

The analysis of genomic DNA isolated from the 1975 and 2014 spill soils grouped the
obtained sequences into 23 different phyla. These included two phyla that dominated the
sum proportion of total phyla, accounting for ~92% in the spill soils and ~67% in the control
soils. For the 1975 and 2014 control groups, dominating phyla included Proteobacteria
and Actinobacteria (~67%), where the Proteobacteria were less abundant (~25%) than the
Actinobacteria (~42%; Figure 4). For the 1975 and 2014 spill groups, dominant phyla also
included Proteobacteria and Actinobacteria (~92%), but the Proteobacteria was found in higher
percentages (~58%) than the Actinobacteria (~34%).
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Figure 3. The relative abundance of the 16S rRNA genus detected in soils from spill and control samples.
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Figure 4. Heatmap of the 16S rRNA gene phyla detected in soil from spill and control samples,
by percentage.

3.3. Alpha Diversity Within Samples and Rarefaction Curves

OTU-based alpha diversity or Shannon index was calculated using QIIME software
(Table 2) in order to better present the mean species diversity in the two sites. The results
confirmed that the sequencing depth [38] enabled us to accurately describe bacterial di-
versities in our database. The Shannon index and the information on the entropy of the
observed OTU abundances accounting for evenness indicated that the bacterial community
was more diverse in the control soils than in the spill soils (Table 2). The species diversity
was as follows: 1975 control > 2014 control > 2014 spill > 1975 spill. Note that two metrics
were used to calculate α-diversity in QIIME: (a) Chao1 metric estimated species richness,
and (b) observed species metric (Figure 5).

3.4. Beta Diversity (Pairwise Sample Dissimilarity) Among Samples, and Principal
Component Analysis

Analysis of β-diversity was performed to assess OTU distribution. QIIME was used
to calculate β-diversity for each of the four bacterial communities. Principal coordinate
analysis (PCoA) plots showed similarity between the spill soils (blue circles) and control
soils (purple circles; Figure 6). For each site (i.e., 1975 and 2014), the distance between
the spill and control clusters was relatively small (differences along the second principal
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component axis: PC2—11.42%). Greater differences between spill and control clusters for
each site were observed along the first principal component axis (PC1—55.91%).

Figure 5. Soil bacterial α-diversity parameters: (A)—diversity as a function of sampling—Chao1
matrix; (B)—the Shannon–Wiener index; (C)—species richness.

Figure 6. Principal components analysis (PCA) of 16S rRNA gene sequencing of soil microbes
obtained from spill and control samples. PC1 and PC2 account for 55.91% and 11.42% of the
variation, respectively.

108



Agronomy 2025, 15, 1198

4. Discussion

This study demonstrates that oil pollution significantly reduced both the diversity
and abundance of soil bacteria, while substantially altering the relative abundance of major
bacterial populations. These findings are consistent with existing literature, which shows
that long-term crude oil contamination leads to a decline in native microbial communi-
ties while promoting the survival or proliferation of those that have developed adaptive
mechanisms [39–41].

The significant decrease in dominance in the oil-contaminated soils demonstrates
the substantial impact of oil spills on the soil microbial diversity. The oil contamination’s
impact on species diversity was more pronounced for the 1975 site than that for the 2014 site.
This confirmed the gradual long-term deleterious effect of oil on soil microbial populations.
The potential of natural bioremediation of soil contaminated by petroleum hydrocarbons is
affected not only by biotic factors, but also by abiotic factors such as moisture, salinity, soil
chemistry, and nutrient availability. These abiotic factors are influenced by hydrocarbon
contamination and substantially affect microbial pollution catabolism.

The effects of oil on the physical and chemical properties of soil decline continuously.
However, the reasons for this trend vary. Hydrocarbons, alkanes, aromatic, etc., comprise
carbon sources for soil microorganisms, thus promoting their growth and metabolism. This
results in the production of organic acids and CO2, and a decrease in the soil pH [42]. Yet,
the buffering capacity of soil resists changes in pH. Therefore, the soil first experiences
a change in its properties and later faces changes in its microbial community. Increased
electrical conductivity in the contaminated soil indicates that the viscous hydrocarbons
and soluble minerals found in oil not only increase soil salinity but also exacerbate soil slab
formation and reduce water permeability [5,42].

The lack of water has a negative impact on soil microbial communities. It hampers
their interactions with each other and with the environment, which may lead to a decrease
in abundance and diversity [21]. Our results are in accordance with Truskewycz et al. [21],
who reported that soil moisture content and organic matter parameters were lower in
non-polluted samples than in spill samples, and the number of OTUs was also lower in
non-polluted samples (Tables 1 and 2). A direct correlation between the abiotic and biotic
parameters was found, where lower soil moisture and organic matter values corresponded
with fewer OTUs in the samples.

The soil pH is another crucial factor for the biodegradation of petroleum hydrocarbons
and the biotransformation of toxic metals. Changes in pH can affect metal ions’ behavior
and alter fungal and bacterial enzyme activities and community structure [43]. A strong
relationship between soil pH and microbial communities is expected, where higher pH
correlates with wider microbial diversity, especially in dryland environments [44]. Our
data are in accordance with these previous studies, where high pH value led to an increased
Shannon index for bacterial diversity (in the 1975 control sample). According to Samira
et al. [45], after 18 years of oil contamination in Kuwait, the chemical composition of soil
exhibited an increase in resins, a higher concentration of polycyclic aromatic hydrocarbons
(PAHs), and a decrease in aromatic compounds. Actinobacteria, Proteobacteria, and Firmicutes
are known oil-degrading microorganisms. These bacteria can use crude oil as their sole
source of carbon and energy [46]. Huang et al. [22] identified eight core genera in an
oil-contaminated soil. This is in partial accordance with our findings as presented in
Figure 3.

Moreover, the dominance of Proteobacteria and the decrease in the diversity of mi-
crobial communities in pervaded arid soils indicate a specialized community adapted
to hydrocarbon stress. While this shift increases degradation efficiency, it could also
compromise wider ecosystem functions, such as those determining nutrient cycling and
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bioremediation capacity. The loss of Acidobacteria and Bacteroidetes—big players in carbon
and nitrogen cycling—could shake up soil fertility. In Proteobacteria-based systems, hydro-
carbon degradation may be favored over organic matter mineralization, thereby limiting
nutrient availability to plants [47]. While hydrocarbon-degrading taxa (e.g., Pseudomonas,
Rhodococcus) can flourish, their dominance may decrease functional redundancy and render
the ecosystem susceptible to consequential additional perturbations [47].

Unlike non-arid ecosystems, arid ecosystems exhibit limited functional flexibility
in response to oil pollution. After contamination, arid systems demonstrate greater
loss of diversity than temperate soils [15], likely resulting from an inherently lower
baseline resilience. In humid areas, Actinobacteria and fungi (e.g., Phanerochaete) are
the primary degraders [15], while Proteobacteria and halotolerant genera (Marinobacter)
are dominant in arid environments. Non-arid ecosystems are still able to retain higher
functional diversity despite pollution [48], which in turn provides buffering for nutrient
cycling [48].

Overall, insights of this study suggest that oil pollution changes the soil microbial com-
munity dramatically and poses a threat to soil health. Identifying petroleum hydrocarbon-
degrading bacteria in contaminated soils can comprise an effective strategy for alleviating
oil pollution. These bacterial strains can comprise the basic microbial agent for natu-
ral bioremediation. Also, future studies might investigate changes in the composition
and diversity of Archaea, which are of similar appearance and numerous similarities in
oil-contaminated dryland soils, as Archaea play a crucial role in the transformation of
petroleum compounds.

5. Conclusions

This study examined the long-term changes in the soil microbial populations following
oil spill contamination in the Evrona Nature Reserve in the Arava Valley, Israel. Over a
span of 47 years, microbial biodiversity substantially decreased in the oil-contaminated
soils. Most of the original bacterial species disappeared, replaced by species capable of
utilizing oil as their sole source of carbon and energy. This shift occurred gradually, as
evidenced by comparisons between soils contaminated by oil in 1975 and 2014. Focusing
future research on identifying microbial genera well-suited for petroleum degradation may
improve the effective degradation of oil in contaminated environments.
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Abstract: Cross-kingdom rotation offers several agronomic and ecological benefits, includ-
ing enhanced soil nutrient availability, reduced pest and disease prevalence, improved soil
structure, and minimized chemical inputs, which contribute to a dynamic and resilient
soil ecosystem, thereby fostering biodiversity and ecological balance. Additionally, crop
diversity encourages plant root exudates that feed a wider range of beneficial soil microbes,
ultimately leading to a balanced soil food web. Integrating rice cultivation with the edible
mushroom Stropharia rugosoannulata further improves soil fertility and enhances organic
carbon sequestration. This rotation introduces organic matter into the soil, affecting micro-
bial community structure and supporting the decomposition of complex organic materials
via lignocellulose-decomposing fungi. These processes contribute to soil organic carbon
accumulation, nutrient cycling, and long-term soil health. The study emphasizes the im-
portance of microbial communities (including live biomass and necromass) in maintaining
ecosystem stability and highlights the potential of the rice–S. rugosoannulata rotation model
as a sustainable agricultural practice. Further research is needed to clarify how fungal
necromass contributes to soil carbon accumulation and to optimize agricultural practices
for improving soil health and carbon sequestration in response to climate change. These
findings provide valuable insights for developing sustainable agricultural strategies that
balance productivity with environmental conservation.

Keywords: crop rotation; soil organic carbon; mushroom cultivation; fertility; fungal necromass

1. Introduction

Terrestrial ecosystems represent the most extensive carbon reservoirs, serving as
critical components in the global carbon cycle. Within these ecosystems, soil carbon stocks
surpass the quantities of carbon sequestered in aboveground biomass and atmospheric
carbon, positioning soil as the largest and most stable repository of carbon. This vast
accumulation of soil carbon underscores its essential role in mitigating climate change by
acting as a long-term carbon sink. The stability and magnitude of soil carbon reserves
are vital for maintaining ecological balance and regulating the global carbon budget,
thereby highlighting the importance of soil conservation and sustainable land management
practices in preserving this crucial carbon store [1,2]. Soil organic carbon (SOC) represents
a significant and dynamic component of this soil carbon pool, accounting for about 60% to
74% [3]. Minor fluctuations in SOC levels can lead to significant changes in atmospheric
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greenhouse gases; therefore, understanding and enhancing the stability and accumulation
of SOC are critical in mitigating the increase in atmospheric CO2 levels [4]. Furthermore,
soil organic carbon plays a key role in regulating soil properties, directly impacting soil
quality [5], supporting nutrient provision for crops, and fostering consistent, high yields.
As crop growth is intimately connected to the condition of farm soils, maintaining optimal
soil health is essential for sustainable agricultural productivity. Rice, widely recognized
as one of the world’s most essential staple foods, serves as the primary sustenance for
nearly half of the global population [6], thus forming a cornerstone of food security and
nutrition for billions. The cultivation and production of rice are not only critical for
meeting the dietary needs of large populations but also carry significant economic and
cultural weight across various regions [7]. Among these, the southwestern region of China
emerges as a particularly important area for rice cultivation, playing a substantial role
in the nation’s overall rice output [8]. The region’s advantageous climatic conditions,
rich agricultural traditions, and adoption of advanced farming practices have established
it as a key contributor to the growth and development of rice farming. The role of the
southwestern region, especially in Hani Rice Terraces, in rice production highlights its vital
importance within the broader framework of agricultural development and sustainability,
both within China and on a global scale. This comprehensive assessment is strategically
designed to scrutinize the diverse and far-reaching implications of this agricultural practice,
with a focused and distinct emphasis on its profound impacts on soil quality, agricultural
productivity, and ecological equilibrium.

The crop–mushroom rotation has emerged as a highly viable and sustainable agricul-
tural paradigm. Comprehensively understanding the numerous and complex aspects of this
practice is crucial for facilitating its broader acceptance and optimizing its integration into
agricultural systems. By meticulously collating and critically evaluating current research
findings, the potential benefits and challenges associated with this innovative practice can
be elucidated. An in-depth exploration has been conducted on the mechanisms through
which crop–mushroom rotation influences the soil carbon reservoir. This necessitates a
detailed examination of how mushroom cultivation, in harmonious synergy with crop
interactions, modulates the cycling and sequestration of carbon within the complex soil
matrix. The effects on various organic carbon components have been precisely dissected,
revealing the processes that govern carbon dynamics. Furthermore, the significant role
of this rotation modality in reshaping and restructuring soil microbial communities has
been thoroughly investigated. Given the fundamental functions of soil microbes in nutrient
cycling, organic matter decomposition, and soil health maintenance, understanding their
responses to crop–mushroom rotation is of critical importance. This review provides a
comprehensive assessment of the implications of crop–mushroom rotation for soil fertil-
ity and agricultural productivity. The practice has been shown to intricately modulate
nutrient availability, soil structure, and crop growth and yield parameters. Furthermore,
the potential of this rotation strategy in fostering ecological balance has been thoroughly
investigated. This includes its contributions to biodiversity conservation, mitigation of
environmental pollution, and enhanced resilience to climate change challenges. It provides
practical, evidence-based recommendations for implementing crop–mushroom rotation,
identifies critical knowledge gaps that require further research, and ultimately contributes
to the development of sustainable agricultural strategies that are environmentally friendly
and economically viable in the long term.

1.1. Challenges of Intensive Agriculture and the Importance of Sustainable Soil
Management Practices

In traditional intensive agricultural systems, the extensive use of chemical fertilizers
and pesticides has led to soil functional degradation, a loss of fertility, and escalating soil
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pollution issues [9,10]. This problem is particularly pronounced in countries and regions
with limited agricultural resources and dense populations. The long-term accumulation
of residual pesticides and other organic pollutants in farmland can inhibit soil microbial
activity, disrupt the soil ecological balance, and adversely affect the growth and devel-
opment of crops [11]. Moreover, excessive application of fertilizers during the planting
process can lead to nutrient overaccumulation in the soil, resulting in soil compaction and
reduced fertility. This not only increases production costs but also pollutes groundwater
and surface water bodies, exacerbating ecological degradation [12]. Enhancing soil carbon
sequestration capacity and reducing the use of pesticides and fertilizers are crucial issues
for the sustainable development of agriculture, requiring the implementation of reasonable
measures. Proper fertilizer management and cultivation practices are important technical
measures in agricultural production and are among the effective strategies to ensure the
long-term sustainability of agriculture [13].

Soil cultivation practices are significant technical measures in agricultural production,
playing a crucial role in improving the quality of the tillage layer and enhancing soil
fertility [14]. Crop rotation refers to the sequential planting of crops with varying nutrient
requirements on the same plot of land across seasons and years, combining the use of land
with its restoration in a biological strategy [15]. This practice disrupts the reproductive
cycles of insects and pathogens, thereby controlling their life cycles and achieving pest
and disease prevention [16]. In Western Canada, field rotations of peas, barley, and canola
compared to continuous canola cultivation have shown that the inclusion of wheat, barley,
and peas in rotation systems not only increases canola yield but also significantly reduces
pests and diseases such as root maggots [17].

1.2. Benefits and Environmental Implications of Paddy–Upland Crop Rotation in China

Paddy–upland crop rotation involves the orderly alternation of planting rice and
dryland crops on the same field and is one of the major crop production systems in
China [18]. Rice, as a staple crop in many regions, plays a central role in this system.
This rotation method not only enhances ecological conditions for crop growth but also
improves soil’s physical and chemical properties. It increases soil organic carbon content
and its components [19], enhances soil permeability and water retention, and ultimately
elevates soil fertility levels, promoting sustainable crop development. However, the rotation
process generates a significant amount of agricultural waste, such as crop residues, which
are traditionally disposed of by on-site burning [20]. This practice leads to the loss of
valuable resources and contributes to carbon dioxide emissions [21], exacerbating global
warming and threatening environmental sustainability. An alternative approach is to utilize
organic waste as a substrate for cultivating saprotrophic edible fungi, which promotes
resource recycling and sustainable agricultural practices. For instance, agricultural straw,
which is often burned, can be used as a substrate for mushroom cultivation. Instead of
releasing carbon dioxide through burning, the straw is decomposed and converted by
mushrooms through a natural biological process. This not only reduces straw burning
but also sequesters carbon in the form of mushroom biomass and residual substrate. In
the context of crop–mushroom rotation, rice residues can be effectively combined with
mushroom cultivation. After the rice harvest, the residues can serve as substrates for
mushroom growth. Once the mushrooms are harvested, the spent substrate can be returned
to the paddy fields, enriching the soil with nutrients and beneficial microorganisms. This
cycle improves soil fertility and promotes the growth of subsequent rice crops, creating a
sustainable agricultural system.
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1.3. Mushroom–Rice Rotation: Definition and Overview

The “mushroom-rice” rotation is an agricultural practice that involves alternating the
cultivation of mushrooms with the growth of traditional crops. This approach aims to
improve soil health, increase soil organic carbon, and enhance agricultural productivity [22].
The concept of mushroom–crop rotation has a relatively recent history. As concerns about
soil degradation, pesticide use, and sustainable farming methods have grown, innovative
agricultural practices like this rotation system have emerged. While it may not have a
long historical record in the traditional sense, its development is a response to modern
agricultural challenges. When implementing mushroom–crop rotation, farmers typically
start by preparing the land for mushroom cultivation. This involves creating a suitable
substrate, often a mixture of compost, straw, and other organic materials [23,24]. Once
the mushrooms are harvested, the spent substrate can be incorporated into the soil. This
enriched substrate provides a boost of nutrients and beneficial microorganisms to the soil,
preparing it for subsequent crop cultivation. For the crop phase, a variety of plants can be
grown depending on the region, climate, and market demand. The choice of crops should
be carefully considered to complement the benefits provided by the mushroom phase. For
instance, some crops may be particularly well-suited to the improved soil structure and
nutrient availability resulting from mushroom cultivation.

The selection and preparation of the substrate for mushrooms is crucial. It should pro-
vide the right balance of nutrients, moisture, and air porosity to support mushroom growth.
Composting and sterilization processes may be employed to ensure a clean and fertile
substrate [25]. Different mushroom species require specific growing conditions. Farmers
need to be familiar with the appropriate temperature, humidity, and lighting requirements
for the mushrooms they are cultivating. This may involve the use of specialized growing
facilities or modifications to existing agricultural structures [26,27]. After the mushroom
phase, proper soil management is essential to make the most of the enriched substrate.
This may include soil testing to determine nutrient levels, adjusting pH if necessary, and
incorporating organic matter to maintain soil fertility. Careful selection of crops for the
rotation is important to maximize the benefits of the system. Consideration should be given
to crops that have different nutrient requirements and pest susceptibilities to reduce the
risk of pest and disease buildup.

1.4. Regarding the Origin of Mushrooms and Their Impacts on Soil Quality

Mushrooms are fascinating organisms with a mysterious origin. They are believed
to have evolved over millions of years from simple single-celled organisms. There are
countless different types of mushrooms, each with its own unique characteristics. Some
mushrooms are edible and highly prized for their taste and nutritional value, while others
are poisonous and can be deadly [28]. The regions of China are rich in fungal diversity, with
different types of mushrooms thriving in different habitats. In certain areas, mushrooms
grow in forests, while in others they can be found in grasslands or even on decaying
logs [29]. These mushrooms may have adapted to the local climate and soil conditions
and could play an important role in the ecosystem. Understanding the origin and types of
mushrooms in this region can help us better appreciate the natural world and potentially
discover new sources of food and medicine.

In China, several types of mushrooms are prevalent. Agaricus bisporus, also known as
the common button mushroom, is widely cultivated due to its popularity in the culinary
world. Pleurotus ostreatus, or the oyster mushroom, is another common species. It is highly
adaptable and can grow on a variety of substrates, making it a favorite among farmers.
Mushrooms play a significant role in improving soil quality. Different types of mushrooms
exert diverse impacts on the soil ecosystem. These different types of mushrooms do indeed
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affect soil fertility in distinct ways. Mycorrhizal mushrooms, such as Cantharellus spp.,
Boletus edulis, and Tricholoma matsutake, form symbiotic associations with plant roots. This
symbiosis enhances nutrient uptake, particularly phosphorus, for plants. As a result, it
indirectly improves soil structure by promoting better root growth and stability. The
increased root exudates from healthier plants also attract beneficial soil microorganisms,
further enhancing soil fertility [30].

Saprophytic mushrooms such as Agaricus bisporus, Pleurotus ostreatus, and Coprinus
comatus, can break down organic matter, accelerating the decomposition process and
releasing nutrients back into the soil. They contribute to the recycling of nutrients and
the maintenance of soil fertility [31]. Additionally, mushrooms can secrete enzymes and
organic acids that help solubilize minerals and make them more available to plants.

Certain mushrooms, such as S. rugosoannulata, can decompose lignocellulosic materials
in agricultural residues, enhancing nutrient availability in the soil for subsequent crops.
This species has gained significant attention in the context of crop–mushroom rotation due
to its potential to improve soil quality and agricultural productivity. By directly promoting
crop growth, this process can contribute to higher yields. However, if not properly managed,
some mushrooms may compete with crops for resources. For example, fast-growing
mushrooms could consume significant amounts of soil nutrients and water, potentially
negatively affecting crop growth. When integrated into a well-planned crop–mushroom
rotation system, the overall benefits of mushroom cultivation typically outweigh these
potential drawbacks. The presence of mushrooms in the soil can increase microbial activity,
fostering a more diverse and active soil microbial community. These complex interactions
between mushrooms and soil have significant implications for sustainable agriculture and
ecosystem health.

1.5. Multifunctional Benefits and Cultivation Practices of Saprotrophic Edible Mushroom
S. rugosoannulata in Sustainable Agriculture

Saprotrophic edible mushrooms play crucial ecological roles. These mushrooms help
break down dead organic matter in the environment, recycling nutrients and contributing
to the health of ecosystems [32]. By decomposing plant and animal remains, they speed
up the natural process of decay and release essential elements back into the soil, which
benefits other plants and organisms. In terms of human consumption, saprotrophic edible
mushrooms are a great source of nutrition. They are rich in proteins, vitamins, and
minerals [33,34]. Some varieties are known for their high levels of antioxidants, which can
help protect the body against damage from free radicals and reduce the risk of chronic
diseases [35]. S. rugosoannulata is a saprotrophic edible mushroom that has garnered
significant attention due to its diverse array of beneficial properties, including its nutritional,
medicinal, bioremediation, and biocontrol potential. This species is characterized by its
ability to thrive in environments rich in organic matter, where it plays a crucial role in
the decomposition of complex lignocellulosic materials [36]. The Stropharia is recognized
not only for its high nutritional value, which includes essential vitamins, minerals, and
proteins, but also for its medicinal properties, which have been linked to various health
benefits [37] (Figure 1).
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Figure 1. Benefits of mushroom S. rugosoannulata.

Stropharia demonstrates considerable efficacy in bioremediation, effectively degrad-
ing environmental pollutants and enhancing soil health [38]. Its robust lignocellulosic
degradation capabilities make it ideal for breaking down agricultural residues and organic
waste [39], contributing to sustainable agriculture. Additionally, its increasing cultivation
highlights its significant role in agriculture and environmental management as a multifunc-
tional organism. The cultivation model for saprotrophic edible mushrooms differs from
typical edible mushroom cultivation. These mushrooms grow in a cultivation substrate that
has undergone microbial fermentation, primarily composed of agricultural waste such as
crop residues, livestock manure, and forestry waste [40]. After harvesting the mushrooms,
the spent mushroom substrate can be returned to the fields as organic fertilizer [41]. This
practice leverages the ecological function of saprotrophs as decomposers of carbon sources
in nature, significantly enhancing the decomposition rate of rice straw and the sequestra-
tion efficiency of soil organic carbon [42]. This promotes more stable carbon components
in rice paddy soils, providing a scientific basis for the management of the soil organic
carbon reservoir.

1.6. The Novelty of This Study

This research uniquely integrates crop science and mycology, exploring the intricate
interactions within the crop–mushroom rotation system. This interdisciplinary approach
offers a fresh perspective, as most previous studies have focused on either crop–crop ro-
tations or single-species mushroom cultivation in isolation. By examining the combined
effects of crop and mushroom growth, new insights are revealed into how these two king-
doms interact in an agricultural context. The study emphasizes the role of saprotrophic
mushrooms, particularly S. rugosoannulata, in soil ecosystems. While the general concept of
mushrooms improving soil quality is well-documented, this research specifically investi-
gates the multifaceted impacts of S. rugosoannulata. Its ability to decompose lignocellulosic
materials, enhance soil carbon sequestration, and influence microbial communities within
the context of crop–mushroom rotation has not been comprehensively explored before.

An in-depth analysis of the impact of this rotation on soil microbial communities is
conducted, with a special focus on fungal necromass. Understanding how dead fungal
biomass contributes to soil organic carbon formation and nutrient cycling represents a rela-
tively new area of research. This review synthesizes existing knowledge and highlights the
importance of considering fungal necromass in sustainable agriculture, addressing a signif-
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icant gap in the literature. Finally, a comprehensive review of the economic, environmental,
and ecological aspects of crop–mushroom rotation is provided. While previous reviews
may have focused on one or two of these aspects, this study offers a holistic perspective.
By simultaneously considering factors such as cost-effectiveness, environmental pollution
reduction, and biodiversity conservation, a more complete understanding of the potential
of this rotation system is achieved, contributing valuable insights to the field.

Overall, the mushroom–rice rotation offers a promising approach to sustainable agri-
culture by combining the benefits of mushroom cultivation with traditional crop production.
With proper implementation and management, it can contribute to improved soil health,
increased productivity, and a more resilient agricultural system.

This review synthesizes and conducts an in-depth exploration of existing knowledge
on crop–mushroom rotation, aiming to provide valuable insights for farmers, researchers,
and policymakers. By focusing on the complex aspects of this practice, it seeks to enhance
understanding and support the development of sustainable agricultural strategies.

2. The Impact of Crop–Mushroom Rotation on the Soil Carbon Reservoir

2.1. The Effects of Crop–Mushroom Rotation on Soil Organic Carbon Components

The soil carbon reservoir comprises inorganic and organic carbon [43], with organic
carbon being particularly sensitive to climate change and changes in land use [44]. Even
minor variations can cause significant fluctuations in atmospheric greenhouse gases [45];
inorganic carbon, due to its turnover generally on a geological scale, is widely consid-
ered a relatively stable and inert carbon store [46]. Soil organic carbon is composed of
organic matter with molecular structures ranging from simple to complex, typically formed
through the long-term accumulation of plant and animal residues by natural oxidation
and decomposer activity [47]. Organic carbon components can be further divided into
active and inactive organic carbon, with active carbon sub-divided into dissolved organic
carbon, particulate organic carbon, easily oxidized organic carbon, and microbial biomass
carbon [48,49]. These components are more bioavailable to soil microorganisms compared
to other forms of organic carbon. Dissolved organic carbon is readily soluble in water,
exhibiting significant transitivity in the soil, and is easily oxidized by air, making it a
major form of carbon migration and leaching in soils [50]. Easily oxidized organic carbon
represents the first fraction of active organic carbon to be oxidized in the soil, serving
as a key indicator of soil organic carbon turnover and nutrient change [51]. Microbial
biomass carbon is a crucial component of the soil carbon pool, reflecting the state of soil
microbiota by synthesizing microbial biomass from plant-derived small molecules through
processes of growth, proliferation, and death, thereby forming microbial residue carbon.
It directly drives the decomposition of humus, mineralization of soil nutrients, and their
migration [52–54].

The effects of mushrooms on soil organic carbon components can be divided into the
following aspects:

(i) For dissolved organic carbon. Mushroom cultivation enhances the breakdown of
organic matter, increasing soluble carbon levels. This process is driven by the decom-
position of easily degradable plant residues and fungal exudates, which contribute
to the rise in dissolved organic carbon. Additionally, the stabilization of insoluble
carbon may be linked to fungal interactions that promote soil aggregation and carbon
sequestration [22].

(ii) For particulate and easily oxidized organic carbon. The mycelium of mushrooms
binds soil particles together, retaining particulate organic matter and preventing its
loss through erosion or other processes. This contributes to the long-term storage of
carbon in the soil. Additionally, mushroom cultivation increases the amount of easily
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oxidized organic carbon, which is more readily available for microbial activity. This
enhances soil structure, boosts soil biological activity, and promotes nutrient release
and carbon cycling within the soil ecosystem.

(iii) For microbial biomass carbon. Mushrooms create a favorable environment for the
growth of various soil microbes. As these microorganisms multiply, the microbial
biomass carbon increases. This is important as microbial biomass plays a crucial role
in nutrient cycling, decomposition of organic matter, and soil health. In addition, the
interaction between mushrooms and soil microbes can lead to synergistic effects that
further enhance soil carbon sequestration and overall soil quality.

Studies have shown that crop–mushroom rotation enhances the activities of carbon-
cycling enzymes, such as cellulase and lignin-degrading enzymes, which promote the
breakdown of complex organic compounds in the soil and the release of more readily
available carbon forms [55]. This process is further supported by an increase in microbial
biomass carbon content after the rotation [32]. Additionally, the fungal mycelium from
mushrooms plays a crucial role in forming soil aggregates, which protect the organic carbon
within them. As a result, the soil organic carbon pool becomes more stable, and the overall
quality of soil carbon components improves, creating a more favorable environment for
subsequent crop growth.

2.2. Effects of Crop–Mushroom Rotation on Soil Carbon Reservoir and Soil Aggregate Structure

Crop rotation can profoundly impact the soil carbon reservoir, significantly enhancing
organic carbon content. Numerous studies indicate that crop rotation can increase soil
organic carbon content [56–58]. Specifically, in North China, the peanut and winter wheat–
summer maize rotation system has been shown to enhance SOC stability through the
accumulation of recalcitrant carbon [56]. Furthermore, a modeling study in Southwest
Germany demonstrates that rotations with cover crops can improve soil organic carbon
(SOC) change rates and crop yields while reducing nitrogen leaching through site-specific
management recommendations [57]. A study shows that in the past 40 years, the rate of
increase in soil organic carbon (SOC) in continuous crop rotation systems in river delta
croplands was 57% of that observed in the North China Plain [58]. Haruna et al. [59]
found that rotations including leguminous plants resulted in higher soil organic matter
and nitrogen levels compared to monoculture cultivation, significantly enhancing the
soil carbon-to-nitrogen ratio. However, different crop rotations, due to their unique root
system development characteristics, induce changes in soil physical properties [60]. Long-
term monoculture tobacco fields exhibit a significant reduction in soil bulk density and
an increase in total porosity after diverse crop rotations [61]. Diverse crop rotations can
effectively reduce the humification of soluble organic matter, increase the sequestration
and accumulation of soil organic carbon, and improve soil fertility. Furthermore, Yang and
others [62] observed that after six years of multi-crop rotations, soil organic carbon content
significantly increased, emissions of greenhouse gases such as CO2 and N2O were notably
reduced compared to the control group, and the soil health index significantly improved.
However, previous research has primarily focused on plant-to-plant rotations, with few
studies exploring rotations involving crops and saprotrophic macrofungi.

Crop–mushroom rotation has notable impacts on the soil carbon reservoir and organic
carbon content:

(i) Organic matter input augmentation. In crop–mushroom rotation systems, the use
of mushroom substrates plays a critical role in enhancing soil organic matter. Straw-
based mixtures, commonly used in mushroom cultivation, are particularly significant.
When these substrates are incorporated into the soil during rotation, they directly
contribute to the soil carbon reservoir. For example, a study conducted at an agricul-
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tural experimental station demonstrated that after multiple cycles of crop–mushroom
rotation with straw-based substrates, soil organic carbon content increased by approx-
imately 15% compared to continuous crop cultivation without mushroom integra-
tion [32]. This highlights the substantial impact of mushroom substrates on enriching
the soil carbon pool.

Straw-based substrates provide a rich source of carbon and introduce diverse organic
compounds into the soil. These compounds fuel the metabolic activities of soil microorgan-
isms, stimulating the decomposition and transformation of organic matter. This creates
a positive feedback loop: increased microbial activity further enhances carbon cycling
and sequestration. Additionally, the fibrous nature of straw improves soil structure and
porosity by binding soil particles into aggregates, which promote soil aeration and water
infiltration [63,64]. These changes create a more favorable environment for root growth
and nutrient uptake, ultimately boosting agroecosystem health and productivity.

(ii) Enhancement of microbial activity and soil aggregate structure.

The growth of mushrooms in the crop–mushroom rotation system fosters a symbiotic
association with soil microorganisms, with the mushroom mycelium playing a central role.
During its growth phase, the mycelium releases a diverse array of extracellular enzymes
into the soil environment [65,66]. These enzymes are catalytically active agents that target
and break down complex organic substances present in the soil matrix.

The enzymatic breakdown of complex organic matter serves a dual purpose: it lib-
erates essential nutrients for mushroom growth and development while also stimulating
the growth and metabolic activity of other soil microbes. A comprehensive field study
demonstrated that the population density of beneficial bacteria and fungi was significantly
higher in soils under crop–mushroom rotation compared to control plots without rota-
tion [32]. These microorganisms play a critical role as nature’s recyclers, decomposing
organic matter into simpler forms and facilitating nutrient cycling within the soil ecosys-
tem. Increased microbial activity also improves soil structure and fertility. The metabolic
byproducts of these microorganisms act as binding agents, promoting the formation of
soil aggregates [22]. These aggregates improve soil porosity, water-holding capacity, and
aeration, creating a more favorable environment for root growth and nutrient uptake by
plants. In essence, promoting microbial activity in crop–mushroom rotation systems is a
cornerstone of sustainable agriculture. It enriches the soil with organic matter, stabilizes
carbon, and enhances the overall health and productivity of the agroecosystem.

2.3. Effects of Crop–Mushroom Rotation on Soil Fertility and Organic Carbon Sequestration

Crop–mushroom rotation positively impacts soil fertility and organic carbon seques-
tration. During mushroom cultivation, the decomposition of organic substrates enriches the
soil with residual organic matter, nutrients, and beneficial microorganisms. For example,
spent mushroom compost contributes to soil health by providing these essential compo-
nents, which enhance soil structure and promote sustainable agricultural practices [67].
When incorporated into the soil, it improves soil structure and water-holding capacity,
enhancing fertility. In a study of fields with crop–mushroom rotation, the soil’s porosity
increased, facilitating better root penetration and nutrient uptake by subsequent crops [22].

Regarding organic carbon sequestration, mushroom mycelium plays a key role. It
forms a network within the soil that helps in aggregating soil particles. This process protects
organic carbon from decomposition. In addition, the mycelium secretes enzymes that break
down complex organic compounds in the soil, converting them into more stable forms of
carbon [68]. Field experiments have demonstrated that crop–mushroom rotation systems
can increase the soil’s organic carbon content over time compared to traditional cropping
systems, thereby contributing to carbon sequestration [32]. After harvesting saprotrophic
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edible mushrooms, returning the spent mushroom substrate as organic fertilizer to the
soil can significantly enhance soil fertility. During the cultivation of saprotrophic edible
fungi, returning the mycelial residues (known as fungal necromass) to the cultivation
substrate increases the content of microbial biomass carbon in the soil, which directly
drives the decomposition of humus, mineralization of soil nutrients, and sequestration of
organic carbon. Wang et al. [2], using nuclear magnetic resonance spectroscopy, found that
soils receiving long-term organic fertilizer applications exhibited changes in the chemical
composition of soil organic carbon, with reduced resistance indicators (aromaticity and
aliphaticity), slower decomposition rates of soil organic carbon, and significantly reduced
greenhouse gas emissions. Kang et al. [69], using Fourier transform infrared spectroscopy,
discovered that straw as an organic material input into the soil accelerated the turnover of
soil organic carbon, promoted the formation of large aggregates enriched in active carbon
fractions such as aliphatic carbon, improved soil physical structure, increased soil porosity,
and enhanced soil water retention capacity.

In the context of field cultivation of saprotrophic mushrooms, a critical question arises:
does the introduction of exogenous organic matter significantly alter the composition and
dynamics of microbial communities? Furthermore, this practice may create a synergistic
effect that enhances the accumulation and stabilization of soil organic carbon. These poten-
tial impacts warrant comprehensive investigation to elucidate the underlying mechanisms
and their broader ecological implications.

3. The Impact of Crop–Mushroom Rotation on Soil
Microbial Communities

3.1. The Essential Role of Soil Microbial Communities in Ecosystem Functionality

Soil microbial communities play an indispensable and multifaceted role in maintaining
ecosystems. They drive essential processes such as nutrient cycling, transforming and
mobilizing key elements like nitrogen, phosphorus, and potassium, making them available
for plant uptake and growth. Additionally, these microorganisms decompose organic
matter, breaking down complex compounds into simpler substances that enhance soil
fertility and structure. They also support energy flow by driving biochemical reactions that
sustain life within the soil ecosystem. Several studies have revealed that soils under diverse
rotation systems including rice with legumes, maize or rapeseed, etc., produced higher
microbial richness [70,71]. Microbial diversity promotes ecosystem functioning in terms
of nutrient cycling and resilience to stress [72]. Remarkably, soil microbial communities
regulate approximately 80% to 90% of these essential soil functions, highlighting their
profound impact on ecosystem productivity and resilience [73].

Crop rotation significantly influences soil microbial communities, which are essential
for ecosystem functionality. Different crops alter the input of organic matter, root exudates,
and soil structure. For instance, leguminous plants increase populations of nitrogen-fixing
bacteria. Soil microbes play a critical role in nutrient cycling by decomposing organic
matter and releasing nutrients such as nitrogen, phosphorus, and carbon. In crop rotation
systems, diverse plant residues provide varied substrates, further enhancing microbial
activity. Additionally, microbes contribute to soil aggregation, improving soil structure and
water infiltration, while their symbiotic relationships with plants support plant health and
productivity. Understanding how these microbial communities respond to crop rotation is
crucial for sustainable agriculture and maintaining ecosystem balance [74,75].
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3.2. The Impact of Crop Rotation on Soil Microbial Communities: Microbial Community Structure
as an Indicator of Soil Health

Crop rotation significantly influences soil microbial community structure, which in
turn reflects soil health. Different crops in rotation introduce diverse root exudates, residues,
and management practices. For instance, legume–cereal rotations are common. Legumes
can enrich the soil with nitrogen, altering the nutrient availability for microbes. The
diversity within the microbial community structure is a key aspect. A healthy soil typically
has a high diversity of bacteria, fungi, and other microorganisms. In crop rotation systems,
this diversity can be enhanced as compared to monoculture. For example, some bacteria
are specialized in decomposing specific organic compounds from certain crop residues.
Rotation provides a variety of these substrates, promoting the growth of different bacterial
groups [76]. Fungal-to-bacterial ratios also change with crop rotation. Fungi are often
more dominant in soils with more complex organic matter inputs, such as those from crop
rotations with high-residue crops. These fungi play crucial roles in soil aggregation and
nutrient cycling [77]. Moreover, the presence of beneficial microbial groups like mycorrhizal
fungi can be promoted by appropriate crop rotations. Their symbiotic relationships with
plants improve plant nutrient uptake and contribute to soil stability.

Overall, monitoring the microbial community structure under crop rotation helps in
assessing and maintaining soil health for sustainable agriculture. Therefore, assessments of
microbial community dynamics can provide information for effective soil management and
conservation strategies that aim to maintain or improve ecosystem services and functions
in the long term [78,79].

3.3. The Impact of Crop Rotation on Soil Microbial Communities: The Ecological Roles of Bacteria
and Fungi in Soil Carbon Cycling

Crop rotation has a profound impact on soil microbial communities, especially re-
garding the roles of bacteria and fungi in soil carbon cycling. Bacteria play diverse roles in
carbon cycling within the soil. For instance, many heterotrophic bacteria are responsible
for decomposing simple carbon compounds derived from crop residues. In a crop rotation
system, different types of crop residues provide a range of carbon-based substrates for
these bacteria. Some bacteria are also involved in the mineralization process, converting
organic carbon into inorganic forms that can be reused in the ecosystem [80,81]. Fungi, on
the other hand, have significant functions in soil carbon cycling as well. Saprotrophic fungi
are key decomposers of complex organic matter like lignin and cellulose.

In crop rotation, the variety of crop residues with different lignocellulosic contents
can stimulate the growth and activity of these fungi. Mycorrhizal fungi form symbiotic
associations with plants in rotation. They help in the uptake of nutrients by plants and
in return receive carbon from the host plants [82]. This carbon is then stored in the soil
through the extensive mycelial network of the fungi, contributing to the long-term storage
of soil carbon. Overall, crop rotation can alter the composition and activity of these bacteria
and fungi, thereby influencing the efficiency and balance of soil carbon cycling processes.

In contrast, fungi assume a more critical ecological role as the pool of readily available
nutrients becomes exhausted. Unlike their bacterial counterparts, fungi are slow-growing
but highly efficient in their utilization of nutrients. Their metabolic capabilities enable
them to degrade more complex and stable carbon compounds that are resistant to bacterial
decomposition. This efficiency in breaking down recalcitrant organic matter positions fungi
as key players in the process of soil organic carbon accumulation. By degrading these
stable carbon components, fungi contribute to the long-term sequestration of carbon within
the soil, thereby enhancing soil carbon stocks and influencing the broader carbon cycle.
The interplay between bacteria and fungi in soil ecosystems is thus characterized by a
dynamic balance, where the rapid exploitation of easily accessible carbon by bacteria is
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complemented by the slower, but more sustained, carbon degradation activities of fungi.
This balance is crucial for maintaining soil health and fertility, as it supports the continuous
turnover of organic matter and the stabilization of soil organic carbon, which are essential
processes for sustaining productive and resilient ecosystems. The differential strategies
employed by these microbial groups underscore the complexity of microbial interactions in
soil environments and highlight the importance of both bacterial and fungal communities
in the regulation of soil biogeochemical processes [83].

3.4. Impact of Rotation and Crop Residue Management on Soil Microbes and Organic Matter

In crop rotation systems, the specialized metabolic products of different plants selec-
tively recruit specific microbes and suppress pathogenic ones, thereby fostering microbial
communities conducive to plant growth. Concurrently, the Shannon diversity index of
soil microbes significantly increases, enhancing soil nutrient content [62,84]. Compared to
continuous monoculture, crop rotation significantly increases soil fungal biomass and the
bacterial Shannon index, resulting in a 13.4% increase in microbial biomass carbon and a
16.6% increase in microbial biomass nitrogen [85].

Furthermore, the practice of returning crop residues to the soil induces substantial
alterations in both soil organic carbon levels and the dynamics of soil microbial commu-
nities. This agronomic strategy not only enhances the SOC content but also significantly
influences the composition, activity, and functional diversity of soil microorganisms. The
decomposition of these crop residues provides a continuous supply of organic substrates,
which in turn fuels microbial activity and drives shifts in microbial community structure.
These changes in the microbial community can lead to varied outcomes, including the
stimulation of microbial processes related to carbon cycling and nutrient availability. A
study by Hong Qi et al. [86] has demonstrated that returning the residue of S. rugosoannulata
mushrooms to the field can effectively neutralize soil pH and significantly increase the
SOC content in fields. After the mycelium enters the soil, it suppresses the growth of other
fungi, reducing soil fungal diversity. Mushroom cultivation can decrease the number of
plant pathogens and enhance the soil disease suppression capability.

Soil fungi, as a critical part of global biodiversity, play a pivotal role in agricultural
ecosystems [87]. When straw is incorporated into the soil and crop root residues begin
to undergo decomposition, fungi that have evolved to specialize in the breakdown of
fibrous plant materials are among the first organisms to flourish in this specific ecological
niche [88]. These fungi, due to their unique physiological adaptations and specialized
metabolic mechanisms, are particularly well-suited to thrive under such conditions. Their
capacity to efficiently colonize and thrive in this environment is primarily due to their
specialized enzyme systems [89], which are precisely adapted to decompose the complex
and resilient fibrous components of dead plants. This enzymatic specialization underscores
their critical role in the decomposition process within ecosystems. Through the action of
their unique enzymatic machinery, they can systematically convert these tough, fibrous
structures into simpler polysaccharides. This process not only facilitates the mineraliza-
tion of organic matter but also plays a crucial role in altering the physical and chemical
composition of the soil [90]. Moreover, the breakdown of these complex lignocelluloses
into simpler carbohydrates creates a more favorable environment for the subsequent col-
onization and growth of other fungal species. These secondary fungi, which primarily
utilize sugars as their carbon source, depend on the initial breakdown of fibrous materials
by these pioneer decomposers. The breakdown of complex plant residues into accessible
polysaccharides creates the biochemical conditions needed for the growth of diverse fungal
species. Therefore, adding saprotrophic edible fungi to crop rotation systems enhances the
decomposition and cycling of soil organic matter (Figure 2).
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Figure 2. The benefits of soil microorganisms in crop–mushroom rotation process
crop–mushroom rotation.

4. The Role of Saprotrophic Mushrooms in Soil Ecosystems

4.1. The Critical Role of Saprotrophic Mushrooms in Fungal Community Dynamics
and Decomposition

The early-stage decomposition activities of saprotrophic mushrooms (known as
lignocellulose-decomposing fungi) play a pivotal role in the initial breakdown of plant
residues. These processes not only initiate the transformation of organic matter but also
create the foundation for the subsequent development and interactions of the broader fun-
gal community. These processes underscore the interconnectedness of fungal communities
and the sequential nature of decomposition, where the metabolic activities of one group
of organisms pave the way for the subsequent activity of others, ultimately leading to the
efficient recycling of organic matter and the enhancement of soil fertility. This process
promotes nutrient transformation and material cycling within the soil ecosystem. The chain
reaction initiated by lignocellulose-decomposing fungi has profound and significant effects
on nutrient conversion and material cycling in soil ecosystems. Specifically, the polysac-
charides produced by these fungi provide a readily available carbon source and energy
for other fungi, spurring their rapid growth and reproduction. During their metabolic
processes, these fungi decompose organic matter into simpler compounds through a series
of complex biochemical reactions, thereby releasing previously bound nutrients in the soil,
such as nitrogen, phosphorus, and potassium. These nutrients become accessible for plant
root absorption, facilitating efficient nutrient conversion.

4.2. Impact of Lignocellulose-Decomposing Mushroom on Nutrient Transformation and Material
Cycling in Soil Ecosystems

In the context of material cycling, saprotrophic mushrooms play a highly dynamic
and essential role in accelerating the decomposition and mineralization of organic matter
present in the soil. This process is of fundamental importance as it enables the cycling
of crucial elements, most notably carbon and nitrogen, within the complex soil–crop–
atmosphere continuum [91,92].

A prime example of this intricate process is the generation of polysaccharides as a
byproduct of the decomposition of crop residues by lignocellulose-decomposing sapro-
trophic mushrooms. These polysaccharides serve as a vital substrate for other fungal
species within the soil ecosystem. The subsequent saprotrophic fungal species such as
S. rugosoannulata then metabolize these polysaccharides, initiating a series of biochemical
reactions that convert them into simpler compounds, with carbon dioxide and water being
the end products. The carbon dioxide released during this metabolic process is emitted
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into the atmosphere, where it becomes an integral and influential component of the global
carbon cycle. This emission has far-reaching implications as it directly impacts atmospheric
carbon levels and, consequently, plays a significant role in global climate regulation. By
actively participating in the carbon cycle in this manner, saprotrophic fungi contribute
to the balance of carbon dioxide concentrations in the atmosphere, which is crucial for
maintaining a stable climate [93,94]. Simultaneously, the breakdown of polysaccharides
through the process of mineralization leads to the release of inorganic nutrients into the
soil. These nutrients, which include essential elements such as nitrogen, phosphorus, and
potassium, are the lifeblood of soil fertility. Their presence in the soil is vital for sustaining
the growth and development of future plant communities. The replenishment of these
inorganic nutrients provides a solid material foundation for the next cycle of crop growth.
This, in turn, enables the continuation of primary productivity, which is the cornerstone of
the functioning of the broader ecosystem. It is through this cyclical process that the intercon-
nectedness of soil microbial communities, plant growth, and ecosystem dynamics becomes
vividly evident. The decomposition of organic matter by lignocellulose-decomposing
saprotrophic fungi is not only a key contributor to the global carbon cycle but also serves as
a key in sustaining the nutrient cycles that underpin terrestrial ecosystems. This dual role
highlights the ecological significance of saprotrophic fungi in maintaining the health and
functionality of ecosystems [95,96]. Their activities ensure the efficient recycling of nutrients
and carbon, promoting the stability and productivity of the entire ecosystem. Without the
active participation of fungi in these processes, the soil would gradually become depleted
of essential nutrients, leading to a decline in plant growth and a disruption of the delicate
ecological balance.

4.3. The Role of Mushroom Necromass in SOC Accumulation

Through the conversion of complex organic materials into simpler forms and releasing
essential nutrients back into the soil, these fungi facilitate the ongoing renewal of soil
resources, ensuring the resilience and productivity of ecosystems over time. This complex
and multifaceted interaction between decomposition processes, nutrient cycling, and
overall ecosystem function underscores the critical importance of microbial activity in
maintaining the health, stability, and resilience of environmental systems. Microorganisms
play a central role in the decomposition of organic matter, driving the breakdown and
conversion of complex compounds into simpler forms that are more easily assimilated
by plants and other organisms. This microbial-mediated nutrient cycling is crucial for
sustaining ecosystem productivity and long-term viability, as it facilitates the ongoing
replenishment of essential nutrients within the soil.

Apart from the benefits of live lignocellulose-decomposing fungi, the role of dead fun-
gal necromass in SOC accumulation has garnered increasing attention [97]. The increased
input of straw carbon in rice paddies can accelerate fungal community turnover and succes-
sion, enhance microbial growth efficiency, and thereby increase the contribution of fungal
necromass carbon to SOC formation and accumulation [98]. However, due to the varying
responses of soil fungal community succession and nutritional strategies to the priming
effect of straw carbon, the quantity and accumulation characteristics of fungal necromass
generated from assimilated exogenous substrates can differ. These changes directly impact
the amount and contribution ratio of fungal necromass within the organic carbon pool,
consequently affecting variations in SOC accumulation and its stability. Further research
is needed on the mechanisms and processes by which fungal necromass contributes to
organic carbon formation following the input of exogenous straw carbon in typical soils
of China.
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In the context of crop–mushroom rotation, the comprehensive fertility of the soil is
of utmost importance. It plays a multiple and critical role in determining the quantity
and quality of agricultural production, especially in rice cultivation. The accumulation
and dynamic changes in microbial residues within the soil have a substantial influence on
the soil organic carbon pool [99]. In this rotation system, returning straw after cultivating
S. rugosoannulata to the field significantly alters the soil microbial community structure
and the soil carbon pool. These changes enhance soil fertility and nutrient availability,
underscoring the need to manage soil health and microbial activity. Such management
is critical for sustainably implementing crop–mushroom rotation systems and improving
long-term agricultural productivity.

5. Potential Benefits and Challenges from Cross-Kingdom
(Crop–Mushroom) Rotation

5.1. Improving Soil Quality

(i) Balancing soil nutrients: Different types of crops have different nutrient requirements
in the soil. Through cross-kingdom rotation, continuous planting of a single crop
and excessive consumption of certain specific nutrients in the soil can be avoided.
For example, leguminous crops can fix nitrogen in the air and increase the nitrogen
content in the soil, providing sufficient nitrogen sources for non-leguminous crops
planted subsequently [100].

(ii) Reducing soil pests and diseases: Long-term planting of a single crop easily leads to
the accumulation and reproduction of specific pests and diseases in the soil. Cross-
kingdom rotation breaks the life cycle of pests and diseases, making it difficult for
them to adapt to the growth environment of different crops, thereby reducing the
occurrence probability of pests and diseases [101].

(iii) Improving soil structure: The root growth patterns of different crops vary. Some have
deep and developed roots, while others have shallow and extensive roots. In the
context of crop–mushroom rotation, the promotion of microbial diversity indeed leads
to enhanced organic matter decomposition and the production of binding agents like
glomalin and polysaccharides, which in turn facilitate the formation of stable soil ag-
gregates [102]. In the context of crop–mushroom rotation, the promotion of microbial
diversity indeed leads to enhanced organic matter decomposition and the production
of binding agents like glomalin and polysaccharides, which in turn facilitate the
formation of stable soil aggregates [103]. These aggregates play a fundamental role in
determining soil structure. Stable aggregates improve soil porosity, allowing for better
air and water flow within the soil matrix. This not only benefits plant root growth
and nutrient uptake but also enhances the soil’s ability to retain water, reducing the
risk of erosion and improving overall soil fertility [104,105].

5.2. Improving Agricultural Production Efficiency

(i) Increasing crop yields: By improving soil quality and reducing pests and diseases,
cross-kingdom rotation can increase the yield and quality of crops. The complemen-
tary roles of different crops in rotation enable more sufficient utilization of nutrients
in the soil, thereby promoting the growth and development of crops [106].

(ii) Reducing production costs: Reducing the occurrence of pests and diseases means
reducing the use of pesticides and lowering agricultural production costs. At the same
time, reasonable rotation can also reduce the input of chemical fertilizers because the
nutrient requirements of different crops can be partially met by the other crops in
rotation [107].
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(iii) Improving land utilization rate: Cross-kingdom rotation can make full use of land
resources and avoid idle and wasteland. Planting different crops in different seasons
can realize the full-year utilization of land and improve the economic benefits of
agricultural production [108].

5.3. Promoting Ecological Balance

(i) Protecting biodiversity: Cross-kingdom rotation enriches the farmland ecosystem and
provides different living environments for various organisms. This helps increase
biodiversity in farmland, including insects, birds, microorganisms, etc. The increase
in biodiversity can promote the stability and balance of the ecosystem and improve
the ecological service function of farmland.

(ii) Reducing environmental pollution: Reasonable cross-kingdom rotation can reduce
the pollution of chemical fertilizers and pesticides to the environment. By reducing
the use of chemical fertilizers and pesticides, the risk of agricultural non-point source
pollution is reduced, and the quality of soil, water sources, and air is protected.

(iii) Adapting to climate change: Different crops have different adaptability to climate
change. Cross-kingdom rotation can make agricultural production more adaptable to
the impacts of climate change and reduce the losses of agricultural disasters caused
by climate.

Through increased soil carbon sequestration, more carbon is stored in the soil, re-
ducing the amount of carbon dioxide released into the atmosphere. The reduced use of
chemical fertilizers and pesticides also decreases the energy-intensive production and appli-
cation processes, which are significant sources of greenhouse gas emissions. Additionally,
improved soil structure and fertility can enhance crop resilience to climate change, reducing
the need for energy-consuming agricultural practices to address crop failures (Figure 3).

Figure 3. Effects of crop–mushroom rotation on soil, microorganisms, and environment.

5.4. Potential Challenges of Large-Scale Implementation

However, several challenges may hinder the large-scale implementation of this rotation
system. Logistically, establishing and managing infrastructure for mushroom cultivation,
such as climate-controlled growing facilities, can be complex and resource-intensive. Eco-
nomically, the initial investment for mushroom-specific equipment, substrates, and fungal
strains is substantial, and market fluctuations may pose additional risks to farmers. En-
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vironmentally, specific conditions, such as temperature and humidity requirements for
mushroom growth, could limit the widespread adoption of this system in certain regions.

5.5. Comparison of Crop–Mushroom Rotation with Other Sustainable Agricultural Strategies

A comparison between crop–mushroom rotation and other sustainable agricultural
strategies is presented (Table 1), focusing on their ability to balance productivity with
environmental conservation. This analysis highlights the unique advantages of crop–
mushroom rotation, such as its potential to enhance soil health, promote resource recycling,
and reduce environmental impacts. By contrasting these strategies, the table provides a
comprehensive overview of their respective contributions to sustainable agriculture.

Table 1. Comparison of crop–mushroom rotation with other sustainable agricultural strategies.

Sustainable Agricultural
Strategies

Comparison with Crop-Mushroom Rotation Advantages Limitations

Traditional Crop Rotation
(e.g., Wheat—Maize Rotation)

- Soil Carbon Storage: It can increase the soil
organic carbon content. However, in
crop-mushroom rotation, the addition of
mushroom substrates can introduce more
organic carbon sources, which is more
conducive to carbon sequestration.

- Microbial Community: It changes the
structure of the microbial community.
Nevertheless, the growth of mushrooms in
crop-mushroom rotation can promote the
growth of specific microorganisms, resulting
in a more complex impact on the community
structure.

- Pest and Disease Control: It reduces pests
and diseases to a certain extent.
Crop-mushroom rotation not only breaks
the life cycle of pests and diseases but also
mushrooms may secrete substances that
inhibit pests and diseases.

- The planting
technology is
relatively mature and
easy for farmers to
master.

- It can adapt well to
different regional
climates and soil
conditions.

- The effect of
enhancing soil
fertility is relatively
limited.

- Long-term
monoculture crop
rotation may still
cause some pest and
disease problems.

Organic Agriculture (without
the use of chemical fertilizers
and pesticides, relying on
organic fertilizers and natural
pest and disease
control methods)

- Soil Quality: It improves soil structure and
fertility. Based on this, crop-mushroom
rotation further optimizes the physical and
chemical properties of the soil through the
decomposition of organic matter by
mushrooms.

- Ecological Balance: Both focus on ecological
balance. In crop-mushroom rotation,
mushrooms can also utilize agricultural
waste, improving resource utilization
efficiency.

- Agricultural Product Quality: Both can
enhance the quality of agricultural products.
The mushrooms produced in
crop-mushroom rotation also have economic
and nutritional value.

- The agricultural
products produced
have no pesticide
residues and high
market value.

- It is conducive to
protecting the
ecological
environment and
biodiversity.

- The production cost
is relatively high, and
the acquisition and
use of organic
fertilizers are costly.

- The yield is relatively
low, making it
difficult to meet
large-scale market
demands.

Precision Agriculture (using
modern information
technology for precise
management of
agricultural production)

- Resource Utilization Efficiency: Precision
agriculture precisely invests resources, while
crop-mushroom rotation improves efficiency
through resource recycling, with different
focuses.

- Soil Management: Precision agriculture
precisely monitors the soil, and
crop-mushroom rotation can improve the
overall soil ecology, and the two can
complement each other.

- Economic Benefits: Precision agriculture
improves economic benefits, and
crop-mushroom rotation reduces production
costs, jointly enhancing profitability.

- It can accurately
control resource
input and reduce
waste.

- It can enhance
production efficiency
and product quality
with the help of
technology.

- The upfront
investment in
technical equipment
is large, and
professional
technicians are
required for
operation.

- The application of
technology is limited
by regions and the
quality of farmers.
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Future research could focus on optimizing the crop–mushroom rotation system for
different regions and climates. This includes identifying the best crop–mushroom combina-
tions, determining the optimal rotation timing, and developing more efficient integration
methods. Additionally, further studies are needed to understand the long-term effects of
this rotation system on soil health and ecosystem stability.

6. Conclusions

The present study underscores the multifaceted benefits of crop–mushroom rotation
as a sustainable agricultural practice, offering a comprehensive approach to enhancing soil
quality, agricultural productivity, and ecological balance. Key findings from the research
highlight the significant role of this cross-kingdom rotation in balancing soil nutrients,
reducing pest and disease prevalence, and improving soil structure, which are crucial for
maintaining long-term soil health and fertility. One of the most notable outcomes of inte-
grating crop–mushroom rotation is the enhancement of soil organic carbon sequestration,
a critical factor in mitigating climate change and ensuring the resilience of agricultural
systems. The introduction of organic matter through mushroom cultivation not only affects
microbial community structure but also supports the decomposition of complex organic
materials, contributing to soil organic carbon accumulation and nutrient cycling. The study
also emphasizes the importance of microbial communities, including live biomass and
necromass, in maintaining ecosystem stability and the potential of the rice–S. rugosoannulata
rotation model as a sustainable agricultural practice. The multifunctional benefits of sapro-
trophic edible mushrooms like S. rugosoannulata extend beyond soil improvement to include
nutritional and medicinal values, further solidifying their role in sustainable agriculture.
However, the research also identifies the need for further exploration into the complex
interactions among microbial communities, plant residues, and soil management practices
within the context of crop–mushroom rotation. Understanding these dynamics is essential
for optimizing agricultural practices aimed at improving soil health and carbon seques-
tration in response to climate change. Taken together, the crop–mushroom rotation model
emerges as a promising strategy for sustainable agriculture, providing a balance between
productivity and environmental conservation. By harnessing the synergistic effects of crop
diversity and mushroom cultivation, this practice offers a pathway to enhance soil fertility,
increase agricultural yields, and promote ecological balance. Future research should focus
on unraveling the intricate relationships between soil microorganisms, plant residues,
and soil management to fully capitalize on the potential of crop–mushroom rotation in
supporting sustainable agricultural systems and climate change mitigation efforts.
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Abstract: To mitigate the issues of soil quality degradation and environmental pollution caused
by excessive fertilizer use in apple orchards, the present study investigated the effects of organic
fertilizer substitution combined with chemical nitrogen (N) fertilizer reduction on soil nutrient status,
enzyme activity, and microbial communities (bacteria, fungi and archaea) over one year in an apple
orchard. Five fertilization treatments were implemented, including 100% chemical fertilizer (CK),
80% chemical fertilizer + 20% liquid humic fertilizer (S1), 60% chemical fertilizer + 40% liquid humic
fertilizer (S2), 60% chemical fertilizer + 20% liquid humic fertilizer (S3), and 40% chemical fertilizer
+ 40% liquid humic fertilizer (S4). Substituting chemical fertilizers with liquid humic fertilizers
effectively enhanced the soil organic matter (SOM) content in the topsoil (0–20 cm) for all treatments.
Compared to CK, the amounts of available N (NO3

−-N and NH4
+-N) were decreased in the topsoil

and the amounts of total N, total phosphorous and available phosphorous were increased in the
subsoil (20–40 cm) for all treatments. The β-diversity of bacterial communities exhibited the highest
sensitivity to soil environmental changes, followed by that of archaea, whereas fungi demonstrated
the least susceptibility. The higher soil carbon/nitrogen ratio and SOM content in S2 altered the
abundance of microorganisms (Proteobacteria, Ascomycota, and Crenarchaeota) that were closely re-
lated to the decomposition and mineralization of SOM and N, enhancing the efficiency of SOM
decomposition. The activities of sucrase (SUC), urease (UE), and phosphatase were increased, also
promoting the conversion efficiency of SOM and improving N fixation and soil fertility. In the organic
fertilizer substitution treatments (S1 and S2), the abundance of dominant Actinobacteriota, Ascomycota
and Crenarchaeota phyla were increased, as well as the activities of SUC and UE, accelerating the
decomposition and mineralization of SOM and improving soil fertility. In the top, organic fertilizer
substitution combined with reduced chemical N fertilizer (S3 and S4) treatments increased the abun-
dance of bacteria and fungi. In addition, RDA showed that total potassium content could significantly
affect changes in the bacterial and fungal community structure in subsoil. Overall, organic fertilizer
substitution enhanced the content of soil available nutrients and improved soil nutrient retention.
It is recommended to promote organic fertilizer substitution + chemical N fertilizer reduction (S4)
with the supplementation of potassium fertilizer in the subsoil. The findings provide a theoretical
basis and practical guidance for improving orchard soil management and achieving sustainable
development in the apple industry.
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1. Introduction

China is the largest apple producer in the world, with its apple production accounting
for nearly half of the global total [1]. However, China’s current apple production is
confronted with the significant challenge of high input and low output [2], which hampers
the sustainable, high-quality development of the apple industry. Studies have shown that
the average nitrogen (N) application rate in apple orchards on the Loess Plateau region
has reached as high as 1220 kg/hm2, far exceeding the recommended application rate
of 150–250 kg/hm2, and is 5 to 12 times higher than that in developed apple-producing
countries (100–220 kg/hm2) [3]. The overuse of chemical N fertilizers in apple orchards not
only leads to resource inefficiency but also contributes to the degradation of soil structure
and the contamination of downstream aquatic ecosystems [4]. Reducing chemical fertilizer
use through combining organic and inorganic fertilizers is a viable approach to promoting
green and sustainable development in the apple industry.

Organic fertilizer substitution can increase soil organic matter (SOM) content, enhance
soil biological activity, and maintain soil productivity [5]. In a crop rotation system of
winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.), a 20% organic fertilizer
substitution increased the content of SOM, total nitrogen (TN), and total phosphorus
(TP), and increased the abundance of bacterial flora in typical calcareous alluvial soil [6].
Organic fertilizers can provide more carbon and energy material for microorganisms. The
application of biogas slurry combined with chemical fertilizer in a 50:50 ratio could modify
the apple orchard soil bacterial community structure and increase the relative abundance
of beneficial flora (e.g., Acidobacteria and Parasegetibacter). Meanwhile, it also enhanced
functional groups involved in carbon and N cycling, such as chemoheterotrophy, cellulolysis,
and N fixation [7]. A 50% substitution of pig manure for chemical fertilizer increased the
abundance of Clostridiales and Bacillales in peanut soils, and the co-occurrence network
structure of soil bacteria became more complex, with a more stable community structure [8].
In a winter wheat–summer maize double-cropping system, long-term 30% pig manure
substitution could improve soil fertility, leading to stable crop yield and soil enzyme
activity [9].

Chemical N fertilizer reduction could affect the pH and SOM content of the rhizo-
sphere soil in tobacco, affecting the activities of sucrase (SUC), catalase (CAT), urease (UE),
and phosphatase (PHO), and altering soil bacterial community dynamics [10]. The substi-
tution of pigeon manure organic fertilizer combined with a 20% reduction in N application
significantly increased the SOM content and the activities of CAT and UE in vegetable
fields [11]. Compared to bacteria, fungi were more sensitive to changes in soil physico-
chemical properties caused by N reduction practices, whereas chicken manure substitution
of chemical fertilizers could increase the stability of fungal community structure in maize
fields [12–14]. Substituting chemical fertilizers with commercial organic fertilizers over
a one-year period in an apple orchard had shown that a 40% substitution with organic
fertilizer improved apple fruit yield and quality [15]. A 25% reduction in N fertilizer
combined with bio-organic fertilizer also decreased soil pH, enhanced soil nutrient levels,
and increased red raspberry yield [16]. Overall, organic fertilizer substitution and chemical
N fertilizer reduction can increase SOM and total N content, improve soil fertility [17], and
enhance the abundance of soil bacteria and fungi, stabilizing the soil microenvironment
under extreme conditions such as water and nutrient stress [18]. However, there is limited
research on the effects of organic fertilizer substitution and N fertilizer reduction on soil
microbial community structure with respect to bacteria, fungi and archaea in orchards.

This study investigated the impact of organic fertilizer substitution and chemical
N fertilizer reduction on soil physicochemical properties, nutrient content, extracellular
enzyme activities, and the microbial communities of bacteria, fungi, and archaea. The sci-
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entific hypothesis is that organic fertilizer substitution and chemical N fertilizer reduction
not only enhance the activities of SUC, UE, and PHO, but also promote the transforma-
tion of SOM and improve N fixation capacity. Additionally, these changes influence the
diversity of soil microorganisms, alter their community structure, and increase the abun-
dance of microorganisms related to the decomposition of SOM and N. The findings offer
theoretical insights and practical guidance for optimizing integrated soil management
practices in apple orchards, thereby supporting green and sustainable development in the
apple industry.

2. Materials and Methods

2.1. Study Area

This study was conducted at the Baishui Apple Experimental Station in Weinan city,
Shaanxi Province, China (109◦16′–109◦45′ E, 35◦4′–35◦27′ N) (Figure S1), which is located
in the transition zone between the Guanzhong Plain and the Northern Shaanxi Plateau,
characterized by the typical loess hills and gullies of the Weibei Loess Plateau. This region
has a warm temperate continental monsoon climate, with an average annual rainfall of
577 mm and elevation of 1080 m above sea level, an average annual temperature of 9.2 ◦C,
an annual total of 2552 h of sunshine, and a frost-free period of 180 days. The soil type
is black loessial soil, based on the Chinese Soil Genetic Classification System, which is
developed from loess. The soil texture is classified as clay loam based on the soil texture
classification system of United States Department of Agriculture. According to the World
Reference Base for Soil Resource [19], black loessial soil is classified as Cambisols.

The Baishui Apple Experimental Station encompasses 10.67 ha of land. Specifically,
an area of 420 m2 had been designated for conducting fertilizer research, with each plot
covering 24 m2. Six-year-old dwarf Ruiyang apple trees were selected as the research
material. Healthy, high-quality, and mature trees with consistent growth were chosen.
The planting spacing was 1.5 × 4 m. Four trees were used for each treatment, with three
replicates per treatment; thus, 60 trees were adopted. The replicate groups were arranged
randomly, and buffer rows were set between every two treatments (Figure S2).

2.2. Organic Fertilizer Substitution and N Reduction Treatments

The field fertilization control experiment was initiated from August of 2020, prior to
which 59,970 kg/ha of well-decomposed sheep manure had been applied to enhance soil
quality. Fertilizer was applied using a trenching method, where trenches were dug on both
sides of the apple trees. The trenches were located 40 cm from the tree trunks within the
row spacing, with a trench width of 40 cm and a depth of 30 cm. Other agronomic practices
followed the standard practices of the experimental station, including weeding, summer
pruning, etc. Basal fertilizer was applied in September, bud-promoting fertilizer in April
of the following year, and fruit-promoting fertilizer in June, accounting for 30%, 20%, and
50% of the total chemical fertilizer application, respectively.

Five fertilization treatments were implemented, including 100% chemical fertilizer
(CK), 80% chemical fertilizer + 20% liquid humic fertilizer (S1), 60% chemical fertilizer
+ 40% liquid humic fertilizer (S2), 60% chemical fertilizer + 20% liquid humic fertilizer
(S3), and 40% chemical fertilizer + 40% liquid humic fertilizer (S4) (Table 1). In the control
(CK) treatment, the chemical fertilizer used was a balanced fertilizer containing 14% N,
15% P2O5, and 16% K2O. For S2–S4 treatments, a commercial humic acid fertilizer made
from weathered coal was applied, with a pH of 6.5 and N, P2O5, and K2O contents of
14.10%, 1.43%, and 4.68%, respectively. In CK, chemical N fertilizer was applied in the
form of balanced fertilizer, so reducing chemical N fertilizer in other treatments also led to
a reduction in phosphorus (P) and potassium (K) application, which were supplemented
with calcium superphosphate (16% P2O5) and potassium sulfate (50% K2O). Therefore,
compared to CK, the total N application amounts in S1 and S2 treatments remained the
same, but 20% and 40% of the chemical N fertilizers were replaced with organic fertilizers,
respectively. In S3 and S4 treatments, based on the organic fertilizer substitution in S1 and
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S2, the total N application amounts were reduced to 80% of the total N application. The
application amounts of P and K were the same for all treatments.

Table 1. Different fertilization modes for soils in the apple orchard.

Treatment
Fertilization

Mode

Basal Fertilizer
kg/ha

Ratio of Chemical
and Organic

Fertilizer

Application Amounts of Chemical Fertilizer
(kg/tree)

Application
Amount of

Liquid Humic
Fertilizer
(kg/tree)

Well-
Decomposed

Sheep Manure

Balanced
Fertilizer

Superphosphate
Potassium

Sulfate

CK Control 59,970 100% chemical
fertilizer 2.5 0 0 0

S1
Organic
fertilizer

substitution
mode

59,970

80% chemical
fertilizer + 20%
liquid humic

fertilizer

2 0.424 0.114 0.496

S2 59,970

60% chemical
fertilizer + 40%
liquid humic

fertilizer

1.5 0.849 0.227 0.994

S3 Organic
fertilizer

substitution +
N reduction

mode

59,970

60% chemical
fertilizer + 20%
liquid humic

fertilizer

1.5 0.894 0.274 0.496

S4 59,970

40% chemical
fertilizer + 40%
liquid humic

fertilizer

1 1.318 0.387 0.994

2.3. Soil Sampling

In October 2021, after one year of fertilization, soil samples were collected from the
apple orchard. For each treatment group, soil samples were collected at a distance of 1.2 m
from the tree trunk along the direction of the fertilization trench. Topsoil (0–20 cm) and
subsoil (20–40 cm) were sampled using a stainless steel soil auger. Each treatment included
four apple trees, from which eight soil core samples were collected. These samples were
thoroughly mixed to form one bulk soil sample. A total of 30 bulk samples, comprising
15 topsoil and 15 subsoil samples, were collected. A portion of the soil was placed in sterile
bags, transported in insulated boxes, and stored in an ultra-low temperature freezer at
−80 ◦C for microbial analysis. Another portion was stored in a refrigerator at 4 ◦C for the
determination of soil enzyme activity. The remaining soil was air-dried, sieved, and used
for the determination of soil physicochemical properties.

The basic physical and chemical properties of soils were analyzed with standard soil
analysis methods [20]. Soil pH was measured at a 1:2.5 soil-to-water ratio using a pH
meter (FE28, Mettler Toledo, Zurich, Switzerland). Soil electrical conductivity (EC) was
measured at a 1:5 soil-to-water ratio using electrical conductivity (Mettler Toledo, Zurich,
Switzerland). The SOM content was quantified through the K2Cr2O7 oxidation method.
The cation exchange capacity (CEC) of the soil was measured with the exchange method.
TN content in the soil was determined using the Kjeldahl method. Both NH4

+-N and
NO3

−-N were extracted with KCl solution, with the resulting extracts analyzed with a
continuous flow analyzer (FIA Compact, Berlin, Germany). TP and available phosphorous
(AP) levels were measured using the molybdenum blue method. Total potassium (TK) and
available potassium (AK) contents were analyzed using a flame photometer (PinAAciie
900F, Waltham, MA, USA). The basic physical and chemical properties reported in the
study were the average result of nine measurements. The apple fruit yield under each
fertilization treatment was also measured.
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2.4. Determination of Soil Enzyme Activity

The activities of four soil extracellular enzymes, CAT, SUC, UE, and PHO, were
measured. CAT activity was determined using the K permanganate titration method;
SUC activity was measured using the 3,5-dinitrosalicylic acid method; UE activity was
determined using the phenol–sodium hypochlorite colorimetric method, and PHO activity
was measured using the disodium phenyl phosphate colorimetric method [21].

2.5. Analysis of Soil Microbial Community

High-throughput sequencing was used to analyze the types and abundance of bacteria,
fungi, and archaea in the soil [22]. The primers used for bacteria, fungi, and archaea were 341F
(CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT), ITS5-1737F (GGAAG-
TAAAAGTCGTAACAAGG) and ITS2-2043R (GCTGCGTTCTTCATCGATGC), and U519F
(CAGYMGCCRCGGKAAHACC) and 806R (GGACTACNSGGGTMTCTAAT), respectively.

Soil samples were processed using a magnetic bead soil genomic DNA extraction
kit (Tiangen Biotech Co., Ltd., Beijing, China) to extract genomic DNA. PCR products
were detected using 2% agarose gel electrophoresis. Qualified PCR products were purified
using magnetic beads and quantified using enzyme labeling. Equal amounts of PCR
products were pooled based on their concentrations, thoroughly mixed, and checked using
2% agarose gel electrophoresis. The target bands were recovered using a universal DNA
purification recovery kit (Tiangen Biotech Co., Ltd., Beijing, China). Library construction
was performed using a NEB Next Ultra II DNA Library Prep Kit (New England Biolabs,
Inc., Ipswich, MA, USA), and the constructed library was quantified using Qubit and
Q-PCR. Once the library met the quality standards, sequencing was performed on the
NovaSeq6000 platform.

The raw data were obtained by matching the barcode sequences and PCR amplification
primer sequences from the sequenced data. After removing the barcode and primer
sequences, the data were compared with the database to detect and eliminate chimeras,
yielding effective data (Effective Tags). The Effective Tags were denoised using the DADA2
module in QIIME2, with sequences with an abundance of less than five being filtered
out. The ASV (Amplicon Sequence Variant) sequences were obtained and subjected to
species annotation.

2.6. Statistical Analysis

Data analysis was performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and Origin
2021 (OriginLab, Northampton, MA, USA). One-way analysis of variance (ANOVA) was
used to compare the significant differences (p < 0.05) in soil physicochemical properties,
enzyme activities and α-diversity (Pielou, Shannon, and Simpson) between treatments
at the same depth. The microbial community β-diversity was compared using the R
based vegan package. Significant differences (p < 0.05) between different treatments were
compared using Duncan’s test. Pielou index measures the uniformity of species distribution
within a community. The Shannon index assigns greater weight to rare species, whereas
the Simpson index is more influenced by dominant species [23]. Redundancy analysis
(RDA) was employed to explore the correlations between soil microbial communities and
soil physicochemical properties and nutrient contents.

3. Results

3.1. Soil Physicochemical Properties and Nutrient Content Under Different
Fertilization Treatments

The physicochemical properties and nutrient contents of orchard soil under different
fertilization treatments are shown in Figure 1. In the topsoil, the pH value was highest
in the CK treatment, while the pH in the S3 treatment was significantly lower than in
other treatments. In the subsoil, the pH in all fertilization treatments was significantly
lower than in CK (Figure 1a). Compared to CK, the EC (Figure 1b) was increased in the
subsoil and the CEC (Figure 1c) in the topsoil was reduced for all treatments. As soil
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depth increased, SOM content decreased. The SOM content in the topsoil was higher in
all treatments compared to CK, with the S1 and S4 treatments having SOM contents of
25.56 g/kg and 25.27 g/kg, respectively, representing increases of 13.6% and 12.3%. In
the 20–40 cm subsoil, the SOM content in the CK treatment was lower than those in the
S1, S2, and S3 treatments but significantly higher than that in S4 (Figure 1d) The TN, TP,
TK, NO3

−-N, AP, and AK contents decreased with increasing soil depth (Figure 1f–k). In
the S4 treatment, the NH4

+-N content in the topsoil was higher than in other treatments
(Figure 1e). The S2 treatment significantly increased NO3

−-N and NH4
+-N contents in the

subsoil compared to other treatments (Figure 1e,f). Compared to CK, all treatments except
S4 reduced the total nutrient content in the topsoil and increased the TN and TP contents
in the subsoil, but TK content was reduced in the subsoil (Figure 1g–k), even though this
was not statistically significant. Meanwhile, the apple yield of CK was measured to be
30,071.51 kg/ha, while there was an insignificant decrease of 1.27% for S1, and the yields
were increased by 11.84% 1.11% and 7.58% in the S2, S3 and S4 treatments, respectively.
Thus, the fertilization treatments applied in this study resulted in negligible reductions
in yield.

Figure 1. Soil physiochemical properties and nutrient contents under different fertilization treatments.
(a) pH; (b) EC; (c) CEC; (d) SOM; (e) NH4

+-N; (f) NO3
−-N; (g) TN; (h) TP; (i) TK; (j) AP; (k) AK.

Different lowercase letters indicate significant differences among treatments at p < 0.05.
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3.2. Soil Enzyme Activity Under Different Fertilization Treatments

The effects of different fertilization treatments on soil enzyme activity are shown in
Figure 2. As soil depth increased, CAT activity showed an increasing trend, while SUC,
UE, and PHO activities showed a decreasing trend. In both the topsoil and subsoil, CAT
activities under all fertilization treatments were lower than those in CK. However, SUC
activity was higher, especially in the topsoil in the S2 treatment, where it was 78.45% greater
than in CK. In the topsoil, UE activity was significantly higher in all fertilization treatments
compared to CK. However, no significant differences were detected among the treatments
in the subsoil. PHO activity in the topsoil was higher in the S1 treatment compared to CK,
while it was significantly lower in the S4 treatment. In the subsoil, PHO activity in the CK
treatment was lower than in all other fertilization treatments.

Figure 2. Soil enzymes activity under different fertilization treatments. (a) CAT activity; (b) SUC
activity; (c) UE activity; (d) PHO activity. Different lowercase letters indicate significant differences
among treatments at p < 0.05.

The correlation analysis of enzyme activity with soil physicochemical properties and
nutrient contents, as shown in Figure 3, indicated that soil CAT activity was significantly
negatively correlated with SOM (−0.76), TN (−0.86), NO3

−-N (−0.86), TP (−0.87), AP
(−0.75), and AK (−0.73), while it was positively correlated with soil pH. This suggests
that higher pH promoted CAT activity. Conversely, SUC, UE, and PHO activities were
positively correlated with EC, SOM, TN, NO3

−-N, TP, AP, TK, and AK, but negatively
correlated with pH and NH4

+-N content. Additionally, CAT activity showed negative
correlations with SUC (−0.83), UE (−0.71), and PHO (−0.71) activities.
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Figure 3. Heatmap of correlations between enzyme activities and soil physicochemical properties
and nutrient contents. * indicates significant correlations at p < 0.05.

3.3. Soil Microbial Community Structure Under Different Fertilization Treatments
3.3.1. Changes in Soil Bacterial Community Structure

Table S1 presents the effects of different fertilization treatments on the α-diversity of
soil microorganisms. α-diversity reflects the diversity of the soil microbial community
within a specific habitat. In the topsoil, the Pielou, Shannon, and Simpson indices were
higher in all fertilization treatments compared to CK, indicating that organic fertilizer
substitution and N reduction increased the evenness and diversity of the soil bacterial
community in the topsoil. In the subsoil, the Pielou indices were decreased in all fertil-
ization treatments compared to CK, while the Shannon indices increased in the S1 and S3
treatments, and the Simpson indices showed no significant changes. These differences were
not statistically significant, suggesting that organic fertilizer substitution and N reduction
had a minimal impact on the bacterial community structure in the subsoil.

The β-diversity analysis of the soil bacterial community structure is shown in Figure 4a.
β-diversity effectively measures the variation in species composition within a habitat. The
first principal component (PC1) and the second principal component (PC2) explained
6.96% and 4.30% of the total variability, respectively. In the topsoil, there were differences
between the S1 and S2 treatments, revealing that a high proportion of organic fertilizer
substitution significantly influenced the species composition of the soil bacterial community.
There were also significant differences between S2 and S4, indicating that N reduction
significantly affected the species composition of the soil bacterial community. In the subsoil,
CK formed a distinct group compared to the other treatments, demonstrating that all
treatments significantly altered the species composition of the bacterial community in the
subsoil.

Figure 5a shows the relative abundance of bacteria under different fertilization treat-
ments. In the topsoil, Proteobacteria was the most abundant bacterial phylum, with an
average proportion of 33.38%. In addition, Actinobacteriota, Acidobacteriota, and Bacteroidota
also had relatively high abundance. Compared to CK, a higher proportion of organic
substitution (S2) increased the abundance of Proteobacteria and Actinobacteriota, while a
lower proportion of organic substitution (S1) reduced the abundance of Proteobacteria,
Acidobacteriota, and Bacteroidota. In the topsoil, all treatments increased the abundance of
Actinobacteriota while decreasing the abundance of Proteobacteria (except S2), Acidobacteriota,
and Bacteroidota. In the subsoil, the most abundant bacterial phyla were Proteobacteria, Aci-
dobacteriota, and Actinobacteriota. Compared to CK, all treatments reduced the abundance
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of Actinobacteriota in the subsoil, while increasing the relative abundance of Proteobacteria,
Acidobacteriota, and Gemmatimonadota.

 
Figure 4. Principal component analysis plot of microbial community composition. (a) bacteria;
(b) fungi; (c) archaea. The numbers 20 and 40 represent 0–20 and 20–40 cm, respectively.

 

Figure 5. Relative abundance of soil microorganisms under different fertilization treatments. (a) bac-
teria; (b) fungi; (c) archaea.

Linear Discriminant Analysis Effect Size (LEfSe) analysis is a method for discovering
and interpreting high-dimensional biomarkers, aiding in the identification of microbial
taxa with notable differences across various samples or treatments [24]. Due to significant
disparities in β-diversity between the S2 and S4 treatments, LEfSe analysis identified that
the bacterial taxa differed notably among treatments (Figure S3). Significant discrepancies
in microbial phyla were observed in the CK treatment, where Bacteroidota was predominant
in the topsoil, while Actinobacteriota was more abundant in the subsoil. In the S2 treatment,
significant differences were noted with Proteobacteria in the topsoil and Cyanobacteria in the
subsoil. Figure 6a shows the redundancy analysis (RDA) of soil physicochemical properties
and nutrient contents within the bacterial community structure. In the topsoil, the main
factors influencing the bacterial community structure were SOM, TP, and pH. In the subsoil,
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the primary factors driving changes in the bacterial community structure were soil pH, TN,
TP, and TK.

Figure 6. Redundancy analysis of microbial communities in relation to soil physicochemical proper-
ties and nutrient contents. (a) bacteria; (b) fungi; (c) archaea.

3.3.2. Changes in Soil Fungal Community Structure

In the topsoil, compared to CK, the Pielou, Shannon, and Simpson indices were de-
creased in the S2 and S4 treatments, indicating that a high proportion of organic fertilizer
substitution reduced fungal community diversity. In contrast, the S1 and S3 treatments had
little effect on the Pielou and Simpson indices but increased the Shannon index, suggest-
ing that a low proportion of organic fertilizer substitution enhanced fungal community
diversity (Table S1). In the subsoil, the Pielou, Shannon, and Simpson indices in the S3 and
S4 treatments were lower than in CK, indicating that organic fertilizer substitution and N
reduction reduced fungal community diversity in the subsoil (Table S1).

The β-diversity analysis of the fungal community structure is shown in Figure 4b.
PC1 explained 6.71% of the total variation, and PC2 explained 6.47% of the total variation.
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Significant differences in fungal communities were observed between the topsoil and
subsoil, except for treatment S2, while the differences between fungal communities among
treatments in the topsoil and subsoil were relatively small, suggesting that organic fertilizer
substitution and N reduction had a minimal impact on changes in fungal composition.

Figure 5b shows the relative abundance of fungi in different fertilization treatments.
Among the fungal phyla, the relative abundance of Ascomycota reached 50% in all treat-
ments, followed by Basidiomycota and Mortierellomycota. In the topsoil, organic fertilizer
substitution treatments (S1 and S2) increased the relative abundance of Ascomycota com-
pared to CK. In the subsoil, the relative abundance of Ascomycota in all treatments was
higher than in CK. RDA (Figure 6b) revealed that SOM and TP were the main factors
influencing fungal community structure in the topsoil, whereas soil pH, TN, and TK were
the primary factors affecting fungal community structure in the subsoil.

3.3.3. Changes in Soil Archaeal Community Structure

Compared to CK, the S3 and S4 treatments significantly increased the Pielou, Shannon,
and Simpson indices in the topsoil, indicating that organic fertilizer substitution and N
reduction increased the evenness and diversity of the archaeal community in the topsoil.
In contrast, the indices decreased in the subsoil across all treatments (Table S1). The β-
diversity analysis of the archaeal community structure is shown in Figure 4c. PC1 explained
7.05% of the total variation, and PC2 explained 5.33%. The results revealed significant
differences in archaeal communities between the topsoil and subsoil (except for the S4
treatment). In the topsoil, the S4 treatment formed a distinct group compared to the S1 and
S2 treatments, indicating that a high proportion of organic substitution and N reduction
significantly affected the β-diversity of the archaeal community structure. In the subsoil,
differences in archaeal community structure among treatments were smaller, suggesting
that organic fertilizer substitution and N reduction had a minimal impact on changes in
archaeal composition in the subsoil.

Figure 5c shows the relative abundance of archaea under different fertilization treat-
ments. A total of eight archaeal phyla were detected, with Crenarchaeota being the dominant
phylum, accounting for over 90% of the relative abundance in all treatments, followed
by Thermoplasmatota. In the topsoil, Crenarchaeota abundance was higher in the S2 and S4
treatments compared to CK. The relative abundance of Nanoarchaeota was higher in the
CK and S2 treatments. In the subsoil, Crenarchaeota abundance was higher in the S2 and
S4 treatments compared to CK, and organic fertilizer substitution treatments (S1 and S2)
increased the abundance of Nanoarchaeota. RDA analysis (Figure 6c) indicated that soil TP,
TN, and NH4

+-N were the main factors influencing changes in the archaeal community
structure in the topsoil, while NH4

+-N was the main factor driving changes in the subsoil
archaeal community structure.

4. Discussion

4.1. Effects of Different Fertilization Treatments on Soil Physicochemical Properties and
Enzyme Activities

The reduction in soil pH could primarily be attributed to the application of humic
fertilizer, which had a lower pH (6.5) than both the topsoil (pH 8.4) and the subsoil
(pH 8.5) [25]. Additionally, the nitrification process, known to produce H+, further exacer-
bated this reduction in pH [26]. The SOM content in the topsoil was higher in all treatments
compared to CK, indicating that the partial substitution of chemical fertilizer with humic
acid fertilizer increased SOM content, consistent with previous research [27,28]. The de-
creased SOM content in the subsoil in the S2, S3, and S4 treatments could be attributed
to the increased C/N ratio resulting from both high organic fertilizer substitution and
N reduction, which enhanced microbial mineralization and decomposition of SOM [29].
Organic fertilizer substitution (S1 and S2) improved CEC in the subsoil, enhancing its
buffering capacity and nutrient retention ability. The S4 treatment was most effective in
increasing subsoil TN and TP contents. The reductions in TK and AK contents were caused
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by enhanced microbial activity in this treatment, which led to the utilization of some K
in microbial metabolism [30]. The reduction in AK content may also be attributed to the
application of organic fertilizer converting some free K+ into adsorbed K+ [31]. Figure 1
suggests that liquid humic fertilizer may primarily infiltrate into the subsoil, where apple
roots are most densely distributed [32], benefiting apple production.

The CAT activity was inhibited in different fertilization treatments, likely because
the humic acid derived from weathered coal could reduce CAT activity. On the other
hand, these treatments increased SUC and UE activities, which is consistent with previous
research [33]. This can be explained by the fact that organic fertilizer increased SOM content,
root exudates, and microbial activity, thereby enhancing soil enzyme activity. Additionally,
under N reduction conditions, the reduced NH4

+-N and NO3
−-N contents in the soil

accelerated microbial decomposition, further increasing UE activity. The application of
organic fertilizer also enhanced the PHO activity of the subsoil, primarily alkaline PHO, and
its activity was negatively correlated with pH, in line with previous research findings [34].

4.2. Effects of Different Fertilization Treatments on Changes in the Soil Microbial
Community Structure

Organic fertilizer substitution and N reduction treatments increased the richness and
diversity of the soil bacterial community, particularly in the subsoil, where organic fertilizer
substitution significantly altered bacterial community structure. In the topsoil, Actinobacte-
riota, Acidobacteriota, and Cyanobacteria were the key contributors to bacterial community
differences, while in the subsoil, Proteobacteria played a dominant role. Cyanobacteria par-
ticipated in N fixation, whereas Actinobacteriota, Acidobacteriota, and Proteobacteria were
involved in SOM decomposition in the soil [35]. Actinobacteriota, Proteobacteria, and Bac-
teroidota are copiotrophic r-strategists that thrive in high-fertility soils, mainly consuming
unstable soil carbon pools; in contrast, Acidobacteriota are oligotrophic k-strategists [36–
38]. Proteobacteria, Acidobacteriota, and Bacteroidota were highly sensitive to changes in soil
chemical properties [39]. The S2 treatment increased the abundance of Proteobacteria in
the topsoil, indicating that the application of humic acid fertilizer could enhance SOM
content. The S3 treatment showed higher bacterial diversity in the subsoil, suggesting that
the combined application of humic acid fertilizer and reduced N improves the stability of
the subsoil bacterial community structure.

Fungal community diversity was increased in the topsoil, while significant differences
in fungal community structure were observed in the subsoil under high organic fertilizer
substitution treatments (S2 and S4), suggesting that fungal community structure was
influenced by SOM and N content. P is a crucial nutrient for both bacterial and fungal
growth, directly affecting the composition and function of the soil microbial community.
Across all treatments, the dominant fungal phyla were Ascomycota, Basidiomycota, and
Mortierellomycota, consistent with findings in other alkaline soils [40]. Ascomycota were
organic decomposers and typically increased with the application of organic fertilizers.

The organic fertilizer substitution combined with N reduction treatment in the topsoil
increased the richness, evenness, and diversity of the archaeal community, while archaeal
diversity was decreased in the subsoil across all treatments. Fertilization treatments had
a significant impact on the diversity of archaea, with high community similarity likely
caused by the limited diversity of archaea species and the dominance of Crenarchaeota. In
both the topsoil and subsoil, the S2 treatment increased the abundance of Crenarchaeota and
Nanoarchaeota. Crenarchaeota participated in the decomposition of SOM, breaking down
proteins and glucose, while Nanoarchaeota decomposed glycogen into glucose [41]. Current
research on the ecological roles of archaea is still limited, and further studies are needed to
understand their function in complex soil ecosystems.

5. Conclusions

Organic fertilizer substitution effectively increased SOM content in the topsoil and
nutrient levels in the subsoil. The β-diversity of bacterial communities showed the greatest
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sensitivity to soil environmental changes, followed by archaea, while fungi were the least
susceptible. All treatments significantly affected the α-diversity of soil bacteria or fungi. S2
increased the soil C/N ratio and SOM content, altering the abundance of microorganisms
closely related to the decomposition and mineralization of SOM and N (such as Proteobacte-
ria, Ascomycota, and Crenarchaeota), and improving the efficiency of SOM decomposition.
Soil enzyme activity data supported these findings, showing that the subsoil enzyme ac-
tivities of SUC, UE, and PHO increased, promoting the conversion of SOM, enhancing N
fixation capacity, and improving soil fertility. In the subsoil, the combination of organic
fertilizer substitution and N reduction (S3 and S4) increased the abundance of bacteria and
fungi. Additionally, RDA showed that microbial abundance was highly correlated with
TK content. Therefore, when promoting organic fertilizer substitution combined with N
reduction, K supplementation in the subsoil should be considered. Future research should
focus on the long-term effects of organic fertilizer substitution and N reduction on apple
orchard soil quality and its application to diverse soil types, sustaining green development
in the global apple industry.
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Abstract: Herbicides are important for weed control but can severely impact ecosystems, causing soil
and water contamination, biodiversity loss, and harm to non-target organisms. Tebuthiuron, widely
used in sugarcane cultivation, is highly soluble and persistent, posing significant environmental
risks. Microbial inoculation has emerged as a sustainable strategy to mitigate such damage. This
study investigated the phytoremediation potential of Mucuna pruriens and Canavalia ensiformis in
tebuthiuron-contaminated soils, enhanced by fungal and bacterial inoculants. Crotalaria juncea served
as a bioindicator plant, and Lactuca sativa was used in ecotoxicological bioassays. During a 140-day
greenhouse experiment from September 2021 to March 2022, M. pruriens showed faster growth than
C. ensiformis in uncontaminated soils but was more affected by tebuthiuron. Bacterial inoculants
improved M. pruriens growth under stress, while fungal inoculants mitigated tebuthiuron’s effects
on C. ensiformis. C. juncea exhibited high sensitivity to tebuthiuron but grew beyond 100 cm with
bacterial inoculants. Ecotoxicological assays showed that bacterial bioaugmentation significantly
reduced soil toxicity. Natural attenuation further decreased tebuthiuron toxicity, and prior cultivation
of M. pruriens enhanced soil detoxification. This integrated approach combining phytoremediation
and bioaugmentation offers a sustainable method to degrade tebuthiuron, foster safer agriculture,
and reduce environmental and health risks.

Keywords: bioaugmentation; bioremediation; Canavalia ensiformis; Crotalaria juncea; ecotoxicity;
herbicide degradation; Lactuca sativa; Mucuna pruriens; sustainable agriculture

1. Introduction

The herbicide tebuthiuron raises significant environmental concerns due to its high
water solubility (2.5 g L−1 at 25 ◦C) [1], prolonged soil persistence (log Kow = 1.8) [2],
and potential to contaminate terrestrial and aquatic ecosystems [3]. Given the increasing
evidence of tebuthiuron’s detrimental environmental impacts, there is an urgent need for
innovative and sustainable remediation strategies. Phytoremediation has emerged as a
promising approach, utilizing plants to detoxify environments contaminated by various
pollutants, including heavy metals, hydrocarbons, dyes, and pesticides [4].
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Agronomy 2024, 14, 2805

Our study investigates the tolerance and phytoremediation potential of two legu-
minous species, Mucuna pruriens (L.) DC. var. pruriens and Canavalia ensiformis L., in
combination with microbial inoculants. These annual plants not only have the potential to
degrade tebuthiuron but also fix atmospheric nitrogen, enriching the soil and improving
its physical, chemical, and biological properties [5]. Previous studies have indicated that
these species exhibit resilience to tebuthiuron, making them promising candidates for
remediating contaminated environments.

Several studies have evaluated the potential of leguminous species for phytoreme-
diation of tebuthiuron-contaminated soils. For instance, Mendes et al. [6] assessed the
use of Crotalaria spectabilis, C. ensiformis, Stizolobium aterrimum, and Lupinus albus in soils
treated with quinclorac and tebuthiuron. They found that all four species absorbed more
tebuthiuron than quinclorac, with C. ensiformis identified as the most efficient species for
remediating tebuthiuron-contaminated soils. Ferreira et al. [7] further advanced the field by
identifying suitable phytoremediator organisms for tebuthiuron in agricultural soils. Their
experiments involved Cajanus cajan, C. ensiformis, M. pruriens, and Pennisetum glaucum,
which successfully removed tebuthiuron applied at 2 L·ha−1, enabling subsequent growth
of Crotalaria juncea and Lactuca sativa in the presence of residual herbicide. They also
highlighted the potential of repurposing vinasse as a source of organic carbon to enhance
plant development and improve the ecological viability of phytoremediation.

Contrastingly, Frias et al. [8] investigated the efficacy of M. pruriens as a phytoremedi-
ator in soil supplemented with vinasse and found it ineffective at removing tebuthiuron.
M. pruriens was exposed to tebuthiuron at 0.5, 1, 1.5, and 2 L·ha−1 and vinasse at 75, 150,
and 300 m3·ha−1. The herbicide caused phytotoxicity, severely inhibiting germination and
growth. The addition of vinasse exacerbated damage to both photosynthetic and non-
photosynthetic structures, reducing biomass production. Consequently, neither C. juncea
nor L. sativa could grow in the presence of residual pesticide.

Despite its promise, phytoremediation faces challenges, as its success depends on
factors such as soil characteristics, climate, and co-contaminants [9]. To optimize phy-
toremediation effectiveness in addressing tebuthiuron contamination, a comprehensive
understanding of the interactions between selected plant species and the herbicide is essen-
tial [7,8]. To enhance remediation efficiency, we incorporate bioaugmentation as a pivotal
strategy. Bioaugmentation involves introducing microorganisms into a contaminated envi-
ronment to accelerate pollutant degradation [10]. By introducing selected microbial strains
with high pesticide degradation capabilities, resilience, and adaptability [11], we establish
a symbiotic alliance that expedites pesticide degradation in soil. The integration of phy-
toremediation and bioaugmentation offers a powerful synergy [9], significantly improving
tebuthiuron degradation efficiency and overall remediation outcomes.

Our approach emphasizes safety and efficacy by evaluating the environmental toxicity
levels of tebuthiuron during the remediation process. We designed tests to realistically
predict the behavior of substances in the environment. Specifically, we employed C. juncea
as a bioindicator species sensitive to tebuthiuron after prior cultivation of M. pruriens and
C. ensiformis. Additionally, L. sativa was used in ecotoxicological assays to assess residual
toxicity. These complementary experiments aimed to verify the presence of tebuthiuron in
the soil [7–16].

Therefore, this research aims to investigate the tolerance and phytoremediation po-
tential of M. pruriens and C. ensiformis, in conjunction with microbial inoculants, for the
remediation of tebuthiuron-contaminated agricultural soil. Our findings will advance our
understanding of the viability and effectiveness of these techniques in addressing tebuthi-
uron contamination and the associated ecological concerns. Innovative and sustainable
approaches are crucial for the successful remediation of tebuthiuron-contaminated soils.
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2. Materials and Methods

2.1. Soil, Tebuthiuron, and Microbial Inoculant

The soil used in this study was classified as a Dystrophic Red-Yellow Oxisol. This soil
was sourced from an agricultural facility in the Dracena region with no recent history of
phytosanitary treatments, ensuring minimal prior contamination. Upon acquisition, the
soil was transported to a greenhouse, air-dried, sieved through a 2.0 mm mesh, and stored
in hermetically sealed plastic containers for chemical characterization. Soil samples were
collected both before and after the experiment to determine chemical composition (Table 1).
For each analysis period, data from all treatments were averaged to present the overall soil
properties. Additional soil samples were collected at the end of the experimental period for
further chemical analysis.

Table 1. Soil chemical analysis at 0 and 70 DAS of C. ensiformis and M. pruriens.

Attributes Unit 0 DAS 70 DAS Indication

pH (H2O) - 4.0 7.5 Increased
Organic matter g dm−3 4.0 10 Increased

Potassium mmol dm−3 0.3 1.6 Increased
Calcium mmol dm−3 6 51 Increased

Magnesium mmol dm−3 2 23 Increased
Hydrogen + Aluminum mmol dm−3 33 8 Decreased

Aluminum3+ mmol dm−3 13 0 Decreased
Phosphor mg dm−3 1 6 Increased

Sulfur mg dm−3 7 - Not detected
Boron mg dm−3 0.10 0.02 Decreased

Copper mg dm−3 0.1 0.2 Increased
Iron mg dm−3 4 2 Decreased

Manganese mg dm−3 1.8 1.2 Increased
Zinc mg dm−3 0.1 0.3 Increased

Sum of bases mg dm−3 8 75.6 Increased
Cation exchange capacity mg dm−3 41 83.6 Increased

Base saturation % 20 90 Increased
Aluminum saturation % 61 0 Decreased

Increased—the value in the soil was higher in 70 DAS (day after the sowing) than the initial time (0 DAS);
Decreased—the value in the soil was lower in 70 DAS than the initial time (0 DAS); Not detected—there was
no comparison between 0 and 70 DAS due to the minimum concentration of the parameter not detected by
the analysis.

The herbicide used was Combine® 500SC (Batch: 041-14-2000) from Dow AgroSciences
Industrial Ltda. (São Paulo, Brazil), a commercially available formulation of tebuthi-
uron (TBT).

To augment the soil microbial community and enhance phytoremediation, microbial
inoculants were obtained from Microgreen® Ltda. (http://microgreen.agr.br/, Piracicaba,
Brazil), a company specializing in soil microbial reclamation. Two types of inoculants were
utilized: a bacterial inoculant (BACT) rich in actinomycetes, Bacillus spp., and lactic acid bac-
teria and a fungal inoculant (FUNG) containing Trichoderma spp., Purpureocillium spp., and
Beauveria spp., whose application is for the restoration of microbiota in agricultural soils.

2.2. Plant Species: Phytoremediator Species, Indicator Plant, and Test Organism

Mucuna pruriens (MP) and Canavalia ensiformis (CE) were selected for their well-
documented phytoremediation capabilities, especially in soils contaminated with tebuthi-
uron [6–8]. These leguminous species form symbiotic relationships with nitrogen-fixing
bacteria, enhancing nutrient availability and improving soil fertility.

Sunn hemp (Crotalaria juncea) was chosen as a bioindicator plant due to its known
sensitivity to tebuthiuron [15]. Acting as a sentinel species, C. juncea aids in assessing soil
contamination levels and the efficacy of phytoremediation efforts. Seeds of C. juncea, C.
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ensiformis, and M. pruriens were obtained from BR SEEDS® (Araçatuba, Brazil), ensuring
uniformity and reliability of the experimental material.

For ecotoxicological bioassays, commercially available seeds of Lactuca sativa L. (variety
Butterhead) were procured from Feltrin Sementes® (Caxias do Sul, Brazil).

2.3. Experimental Setup

The experiment was conducted using a completely randomized design with a 2 × 3 × 3
factorial scheme, comprising seven replicates and five analysis times, totaling 630 pots. The
factors studied were tebuthiuron concentration (presence or absence), microbial inoculant
type (bacterial, fungal, or none), and plant species (C. ensiformis, M. pruriens, or none).
This comprehensive design allowed for a thorough investigation of the independent and
combined effects of these variables on the study parameters (Figure 1). Randomization
minimized bias and ensured equal representation of treatment groups across experimen-
tal units.

Figure 1. Summary of the experimental design with the three factors (tebuthiuron, microbial inoculant,
and plant species), the five analysis times (0, 14, 28, 42, 56, and 70 DAS—days after sowing), and the
number of replicates.

Prior to the experiment, the soil underwent a preparatory phase to adjust its acidity
and fertility, following the procedures of Ferreira et al. [7] and Frias et al. [8]. For every
504 kg of soil, amendments were meticulously applied as follows: 454 g (1.8 t ha−1) of
limestone to regulate pH, 10 g (40 kg ha−1) of urea as a nitrogen source, 56 g (222 kg ha−1)
of single superphosphate for phosphorus supplementation, and 13 g (52 kg ha−1) of
potassium chloride to ensure adequate potassium levels for optimal plant growth. After
thorough mixing through uniform distribution, the soil was used to fill pots with a capacity
of approximately 4.0 L each (19 cm × 15 cm × 19 cm).

The microbial inoculants were incorporated into the soil according to their respective
treatment groups. The fungal inoculant (FUNG) was applied at a rate of 0.36 g (180 t ha−1)
per pot, while the bacterial inoculant (BACT) was added at a volume of 50 mL (25 m3 ha−1)
per pot. Three days after inoculant incorporation, the herbicide Combine® was applied
at the recommended dosage for sandy soils of 2.0 L ha−1 (1000 g active ingredient ha−1).
The application was performed using a laboratory sprayer equipped with four XR 11002
flat-fan nozzles (Jacto®, Pompéia, Brazil), operating at a pressure of 2 bar and a flow rate of
0.65 L· min−1. Following the manufacturer’s guidelines, the sprayer was calibrated to a
speed of 5 km·h−1, with the spray boom positioned 0.75 m above the pots, delivering an
application volume of 156 L ha−1. Environmental conditions during spraying were moni-
tored, with a temperature of 27.2 ◦C and relative humidity of 63%. The control treatments
without tebuthiuron received an equivalent volume of water to maintain consistency.

Seven days following herbicide application, three seeds of either C. ensiformis or M.
pruriens were sown in each pot, according to the treatment design. Although three seeds
were initially sown per pot, thinning was performed to retain only one plant per pot to
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ensure uniform growth conditions. These plants were cultivated for 70 days after sowing
(DAS). Three days after harvesting the leguminous plants, three seeds of sunn hemp
(C. juncea) were sown in each pot and cultivated for an additional 70 days, following the
same thinning procedure.

All plants were cultivated in a greenhouse equipped with an automated irrigation
system to maintain optimal growth conditions. Irrigation was performed daily to maintain
the soil at 60% of its field capacity. The system was programmed via a digital timer to
execute up to four irrigation cycles per day, each lasting approximately 40 ± 10 min. A
micro-sprinkler located at the top of the greenhouse provided irrigation at a flow rate of
approximately 80 L h−1 under a pressure of 2 bar, as indicated by the irrigation manometer.
This controlled environment facilitated the investigation of the tolerance and phytoreme-
diation capabilities of C. ensiformis and M. pruriens, as well as the influence of microbial
inoculants in tebuthiuron-contaminated soil.

2.4. Plant Growth and Development Evaluation

Plant growth was monitored weekly by recording plant height in centimeters. At 70
DAS, the plants were harvested, the roots were gently cleaned to remove soil, and the
samples were dried in a forced-air oven at 65 ◦C for 72 h. Dry biomass was then weighed
and recorded in grams.

2.5. Ecotoxicological Bioassays

The ecotoxicological potential of the treatments was assessed at specific time points: 0,
20, 40, 60, 70 DAS (end of M. pruriens and C. ensiformis cultivation), and 140 DAS (end of
C. juncea cultivation). Bioassays were conducted following the methodologies described in
NBR 10006 [16] and Sobrero and Ronco [17].

For each treatment, five replicates of aqueous soil extracts were prepared. Superficial
soil samples (approximately 2 cm deep) were collected from the edges of different pots
within each treatment group. A 25 g sample of soil was mixed with 100 mL of deionized
water in a 250 mL Erlenmeyer flask. The flasks were sealed with PVC plastic film, shaken
at 120 rpm for five minutes, and then incubated in a Biochemical Oxygen Demand (BOD)
chamber without lighting at 20 ± 2 ◦C for 7 days.

After incubation, 2.0 mL of the solubilized soil extract was applied to Petri dishes lined
with filter paper and containing 10 seeds of L. sativa. The dishes were sealed with PVC
plastic film to prevent moisture loss and incubated in a BOD chamber at 20 ± 2 ◦C with a
12 h photoperiod for 5 days. The positive control (CP) and negative control (CN) treatments
were prepared using 0.05 M zinc sulfate solution and deionized water, respectively, to test
seed sensitivity.

During the bioassays, seed germination, hypocotyl elongation, and root elongation
were measured. These parameters were used to calculate the germination index (GI) of
L. sativa seeds, as described in Equation (1) [18]:

GI =
(G% × R%)

100
(1)

This equation includes the following:
GI represents the germination index;
G% denotes the percentage of seed germination;
R% indicates the percentage of root elongation.

2.6. Statistical Data Analysis

Prior to conducting statistical analyses, the data were evaluated to ensure compliance
with the assumptions of homogeneity of variances and normality. Homoscedasticity was
assessed using Bartlett’s test, while the Shapiro–Wilk test was employed to verify the
normal distribution of residuals. Once these assumptions were confirmed, an Analysis
of Variance (ANOVA) was performed at a 5% significance level (p < 0.05) to identify
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significant differences among treatment groups. When the ANOVA indicated significant
effects, Tukey’s Honest Significant Difference (HSD) post hoc test was utilized for pairwise
comparisons to determine which specific means differed.

To model the growth dynamics of plant height and the germination index over time, we
applied the Gompertz sigmoid function (Equation (2)). This nonlinear model is particularly
suitable for describing sigmoidal growth patterns and has been widely used in ecological
and biological studies due to its flexibility and interpretability [12,19]. The Gompertz
function allowed us to estimate key growth parameters, such as the maximum attainable
value (asymptote), growth rate constant, and inflection point, providing insights into the
developmental processes under different treatment conditions. By fitting the Gompertz
model to our data, we could predict growth trends beyond the observed time frames of
70 and 140 days after sowing (DAS), offering a more comprehensive understanding of the
long-term effects of the treatments.

fx = αe−βe−kx
(2)

This equation includes the following:
fx represents the plant height in centimeters or the germination index;
x denotes the time in days after sowing (DAS);
α represents the upper asymptote or the maximum height development and germina-

tion index that the plants can reach;
β indicates the inflection point, which corresponds to the time when the growth rate

starts to decrease;
k represents the exponential decay of the specific growth rate, indicating how quickly

the growth rate decreases over time;
e represents Euler’s constant, a mathematical constant approximately equal to 2.71828.

γ = α+ β+ ∑ ((ti × fi1) + (ti × fi2)) + ε (3)

This equation includes the following:
γ represents the dependent variable (e.g., plant height or germination index);
α denotes the global intercept of the model;
β represents the random effect (tebuthiuron);
ti indicates the time in days after sowing (DAS);
fi1 represents the fixed effect 1 (green manure);
fi2 represents the fixed effect 2 (inoculant);
ε represents the residual term.
In cases where time was a significant variable, we extended the model to include time

as a continuous covariate or as repeated measures, depending on the data structure. This
allowed us to capture temporal trends and assess how the treatments influenced growth
trajectories over time.

All statistical analyses were conducted using R software 4.2.2. for its advanced
statistical capabilities and flexibility. The nlme package was utilized for fitting mixed-
effects models (Equation (3)), while the nls function facilitated nonlinear regression for the
Gompertz function. GraphPad Prism 9 and Microsoft Excel® 2019 were employed for data
visualization, preliminary analyses, and to generate graphical representations of the results.
These tools collectively enabled efficient data management, rigorous statistical testing, and
clear presentation of findings.

2.6.1. Model Validation and Goodness-of-Fit and Consideration of Multiple Comparisons

Model adequacy was evaluated through diagnostic plots and goodness-of-fit statistics.
For the Gompertz function, the coefficient of determination (R2) and residual analysis were
used to assess how well the model described the observed data. The Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC) were also considered for model
selection and comparison. In the mixed-effects models, the significance of fixed effects
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was tested using likelihood ratio tests, and random effects were assessed through variance
component analysis. Residuals were examined for homoscedasticity and normality to
validate model assumptions. Given the multiple treatment groups and comparisons, we
employed the Tukey–Kramer method in the post hoc analysis to control for Type I error
rates associated with multiple testing. This approach ensures that the overall family
wise error rate remains at the desired significance level, enhancing the reliability of the
statistical conclusions.

2.6.2. Statistical Significance and Reporting

All statistical findings were interpreted in the context of the biological and ecolog-
ical implications for phytoremediation practices; therefore, the results were considered
statistically significant at p < 0.05.

3. Results and Discussion

3.1. Soil’s Properties: Enhancing Fertility

As discussed in the preceding section, the soil used in this study was classified as
a Dystrophic Red-Yellow Oxisol, a common soil type in tropical regions characterized
by low natural fertility, acidic pH, and high levels of iron and aluminum oxides, which
can influence nutrient and contaminant retention [20]. These properties make it an ideal
substrate for simulating real-world scenarios of pesticide-contaminated agricultural soils.

Therefore, according to Table 1, significant improvements in the soil’s chemical at-
tributes were observed following amendments with lime and fertilizers, as well as the
cultivation of M. pruriens and C. ensiformis. Various nutritional parameters increased nu-
merically, indicating enhanced soil fertility. Notably, the concentration of exchangeable
aluminum (Al3+) did not increase, which is advantageous since high levels of aluminum
can inhibit root growth and impair plant development [21]. The application of lime and
fertilizers contributed to balancing soil pH and improving nutrient availability, thereby
enhancing overall soil conditions.

Implementing appropriate agricultural practices, such as soil chemical correction and
the cultivation of leguminous plants, can have multiple positive effects on soil health.
Additionally, the presence of plants and soil microorganisms, combined with soil amend-
ments, can lead to the release of organic acids. These organic acids aid in the solubilization
of essential nutrients like phosphorus and potassium, making them more available for
plant uptake. Furthermore, they contribute to an increase in the soil’s cation exchange
capacity, which helps reduce toxic levels of aluminum, ultimately benefiting plant growth
and development [22].

Enhancing soil fertility through these practices creates a more conducive environment
for plant growth, which is essential for successful phytoremediation efforts. Improved soil
conditions can enhance plant vigor, allowing for more effective uptake and degradation of
contaminants such as tebuthiuron.

3.2. Production of Leguminous Plants with Microbial Inoculation: Unveiling the
Biocatalytic Phytoremediation
3.2.1. Growth Dynamics

The growth dynamics of C. ensiformis and M. pruriens exhibited distinct patterns
(Figure 2). M. pruriens demonstrated a faster growth rate, indicated by a steeper growth
curve compared to C. ensiformis. Table 2 presents the parameters of the growth curves for
each treatment, including the maximum height (α), the inflection point (β), and the specific
growth rate (k). A higher k value signifies a faster growth rate; both M. pruriens (k = 0.113)
and C. ensiformis (k = 0.075) showed considerable growth rates.
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Figure 2. Kinetic growth of M. pruriens (MP) and C. ensiformis (CE) as potential phytoremediators of
the herbicide tebuthiuron (TBT) in soil with fungal (FUNG) or bacterial (BACT) inoculants from the
Gompertz model. (A,B) Treatments without TBT. (C,D) Treatments with TBT.

Table 2. Parameters of Gompertz kinetic models for the height of M. pruriens (MP) and C. ensi-
formis (CE) as potential phytoremediators of tebuthiuron (TBT) with fungal (FUNG) or bacterial
(BACT) inoculants.

Treatments
Complexity Adequacy

α β k R2 AIC BIC

MP 72.72 15.49 0.1127 0.72 63.96 65.17
MP + TBT 51.69 4.76 0.1087 0.94 63.96 65.17

MP + BACT 77.66 32.71 0.1695 0.97 69.10 70.31
MP + FUNG 80.31 38.14 0.1425 0.99 56.33 57.54

MP + BACT + TBT 61.58 144.19 0.2272 0.89 78.80 80.01
MP + FUNG + TBT 76.63 9.15 0.0997 0.93 75.82 77.04

CE 31.64 2.72 0.0748 0.97 46.29 47.50
CE + TBT 20.27 2.13 0.0686 0.93 44.71 45.92

CE + BACT 43.10 2.73 0.0751 0.97 53.67 54.88
CE + FUNG 40.90 2.62 0.0679 0.97 50.41 51.62

CE + BACT + TBT 34.26 2.51 0.0707 0.96 49.03 50.24
CE + FUNG + TBT 84.52 2.81 0.0224 0.94 60.08 61.29

Parameters α, β, and k denote the superior asymmetry, the inflection point, and the exponential decay of the
specific growth rate, respectively; β = 1 keeps the relative decrease with time constant; β > 1 accelerates the
relative decrease with time; β < 1 slows the relative decrease with time; R2: coefficient of determination; AIC:
Akaike Information Criterion; BIC: Bayesian Information Criterion.

The application of microbial inoculants influenced the growth dynamics of both
species. Within the M. pruriens group, the fungal inoculant treatment (MP + FUNG)
resulted in faster growth compared to the bacterial inoculant (MP + BACT) and the control
(MP alone). Similarly, for C. ensiformis, the bacterial inoculant (CE + BACT) promoted
faster growth than the fungal inoculant (CE + FUNG) and the control (CE alone). These
results suggest that the type of microbial inoculant can differentially affect plant growth,
potentially due to specific interactions between the inoculant microorganisms and the
plant species.
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The introduction of tebuthiuron had a noticeable impact on plant growth, reducing
plant height compared to the control treatments without the herbicide. As shown in
Table 2, the CE + TBT treatment exhibited a greater reduction in height-related parameters,
including maximum height (α) and specific growth rate (k), compared to MP + TBT. This
indicates that C. ensiformis is more sensitive to tebuthiuron than M. pruriens. Previous
studies by Ferreira et al. [7] and Belo et al. [23] also reported the sensitivity of C. ensiformis
to tebuthiuron, suggesting that this species may not be ideal for the phytoremediation of
soils contaminated with this herbicide.

Conversely, Mendes et al. [6] demonstrated that C. ensiformis can tolerate and even
degrade tebuthiuron, potentially due to specific microorganisms present in its rhizosphere.
This highlights the importance of considering plant–microbe interactions when select-
ing species for phytoremediation. For M. pruriens, Ferreira et al. [7] observed a 15%
decrease in plant height when exposed to tebuthiuron. However, they found that the
phytotoxicity of tebuthiuron was mitigated by the addition of vinasse (an industrial by-
product) at 150 m3 ha−1, allowing the plant to develop even at high herbicide concentra-
tions (2 L ha−1).

Discrepancies between our results and previous studies may be attributed to factors
such as differences in experimental conditions, soil types, moisture levels, environmental
temperatures, and light exposure. These variables can directly influence phytoremedia-
tion efficiency and should be carefully considered when selecting plants for remediating
tebuthiuron-contaminated soils [24].

An important finding in our study was the mitigating effect of microbial inoculants on
plant sensitivity to tebuthiuron in contaminated soil. The inoculants appeared to enhance
plant growth and increase height, particularly in C. ensiformis. For instance, the CE + BACT
+ TBT treatment showed a higher specific growth rate (k = 0.071) compared to CE + TBT
without inoculants, although only the CE + FUNG + TBT treatment achieved the maximum
height (α = 84.52). This suggests that fungal inoculants may be more effective in promoting
growth under herbicide stress in C. ensiformis.

In M. pruriens, the MP + FUNG + TBT treatment displayed a steeper growth curve
than MP + BACT + TBT, reaching a greater maximum height (α = 76.63). Although the
bacterial inoculant (MP + BACT + TBT) exhibited a higher specific growth rate (k = 0.227
vs. k = 0.100), the overall growth performance was better with the fungal inoculant.
These results could be explained by several factors: (a) Fungal inoculants may enhance
plant resilience to herbicide-induced stress by improving nutrient uptake or producing
growth-promoting substances, allowing plants to maintain or increase growth under
adverse conditions. (b) The fungal inoculant may have the ability to degrade or metabolize
tebuthiuron, reducing its toxicity in the soil environment. (c) The inoculants may stimulate
beneficial soil microorganisms, creating a more favorable rhizosphere environment for
plant growth.

Previous studies have demonstrated the effectiveness of such microbial combinations.
Zhang et al. [25] reported successful remediation of soils contaminated with pentachloroni-
trobenzene using a fungal–bacterial inoculum in association with Panax notoginseng. Sim-
ilarly, Madariaga-Navarrete et al. [26] observed substantial atrazine removal from soil
within 40 days using Trichoderma sp. combined with Phaseolus vulgaris. These findings
support the potential of microbial inoculants in enhancing phytoremediation efficiency.

3.2.2. Phytomass Accumulation

The application of microbial inoculants in the absence of tebuthiuron led to a significant
increase in biomass production in both M. pruriens and C. ensiformis compared to the control
treatments (Figure 3). This positive impact underscores the efficacy of microbial inoculants
in promoting plant growth and enhancing phytomass accumulation, which is pivotal for
the plants’ capacity to tolerate and effectively remediate contaminated soils.
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Figure 3. Production of total dry biomass of M. pruriens (MP) and C. ensiformis (CE) in soil associated
or not with tebuthiuron (TBT) and/or fungal (FUNG) or bacterial (BACT) inoculants after 70 DAS.
Different lowercase letters indicate statistical differences by the Tukey test (p < 0.05).

In contrast, the introduction of tebuthiuron had an adverse effect on biomass pro-
duction in both species. The most pronounced reduction was observed in the MP + TBT
treatment, indicating that M. pruriens was particularly affected by the herbicide. Tebuthi-
uron’s negative influence on photosynthesis during plant development can impair biomass
production and compromise the overall efficiency of phytoremediation processes [27], even
though M. pruriens and C. ensiformis are not target plants for this herbicide in agroecosys-
tems. Efficient biomass production is crucial for facilitating the transformation of pollutants
into less toxic substances, a process optimized when plants grow without intense stress [28].

Further examination revealed that, in the presence of tebuthiuron, the bacterial inoc-
ulant did not significantly improve biomass production in M. pruriens. For C. ensiformis,
microbial inoculation did not result in a substantial increase in phytomass when tebuthiuron
was present, despite contributing to increased plant height. These observations emphasize
the limitations of relying solely on variables like height and biomass accumulation to
evaluate phytoremediation efficiency.

Moreover, the rhizospheric interactions between plants and microorganisms play a key
role in the degradation of soil contaminants. Root exudates from leguminous plants like M.
pruriens and C. ensiformis can enhance microbial activity by providing essential nutrients
and signaling molecules that stimulate the growth and metabolic functions of degradative
microbes [29]. These exudates may increase the bioavailability of tebuthiuron by altering
soil pH and releasing chelating agents, thereby facilitating its uptake and degradation.
Understanding the synergistic relationships within the rhizosphere is crucial, as it can lead
to optimized phytoremediation strategies that harness both plant and microbial capabilities
for more efficient contaminant removal.

Multiple uncontrolled factors can influence the bioavailability and environmental
behavior of the herbicide, including soil properties, microbial community dynamics, and
environmental conditions [30]. Therefore, relying exclusively on plant growth param-
eters may not provide a comprehensive assessment of phytoremediation effectiveness.
Complementary approaches, such as cultivating bioindicator plants and implementing
ecotoxicological bioassays, are indispensable for thoroughly evaluating environmental
reclamation efforts [31].

In summary, our findings highlight the critical aspect of biomass accumulation in the
context of phytoremediation. While microbial inoculants positively influenced biomass pro-
duction in the absence of tebuthiuron, the presence of the herbicide negated these benefits.
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This underscores the significance of considering multiple parameters and employing com-
plementary assessment methods to accurately evaluate the efficiency of phytoremediation
practices, thereby facilitating sustainable and effective soil remediation strategies.

3.3. Production of C. juncea: Evaluating Ecotoxicity and Phytoremediation Efficiency
3.3.1. Growth Dynamics

The cultivation of C. juncea as a bioindicator provided valuable insights into the resid-
ual phytotoxicity of tebuthiuron and the effectiveness of the phytoremediation treatments.
In the reference treatment (Ref), which involved soil without prior plant cultivation (CE
or MP), no inoculants (BACT or FUNG), and no herbicide (TBT), C. juncea exhibited slow
height development (Figure 4). This baseline serves as a control for comparing the effects
of various treatments.

Figure 4. Kinetic growth of C. juncea height as bioindicator species in soil with tebuthiuron (TBT) and
fungal (FUNG) or bacterial (BACT) inoculants from the Gompertz model. Ref—reference control soil
without leguminous plants, inoculants, and tebuthiuron.

Interestingly, soil treated with the bacterial inoculant (BACT) without prior legumi-
nous cultivation or herbicide application showed a faster increase in C. juncea height, with
a higher specific growth rate (k = 0.0582) and greater maximum height (α = 324.99) around
60 DAS (Table 3). In contrast, the fungal inoculant (FUNG) had a minimal contribution to
C. juncea’s height development, indicated by a lower growth rate (k = 0.0302) and lower
maximum height (α = 69.95). This suggests that the bacterial inoculant may promote the
growth of C. juncea in uncontaminated soils more effectively than the fungal inoculant.

The presence of tebuthiuron in the soil demonstrated a significant phytotoxic effect
on C. juncea, evidenced by a lower specific growth rate (k = 0.0115) (Table 3 and Figure 5).
Despite the slower growth rate, C. juncea in soil with tebuthiuron alone (without inoculants
or prior cultivation) reached a maximum height exceeding 100 cm, which was higher than
in treatments with FUNG or BACT + TBT. This indicates that while tebuthiuron adversely
affects growth, C. juncea can still attain considerable height in its presence.

Remarkably, the phytotoxic effect of tebuthiuron was mitigated by the fungal inoculant
in certain treatments, suggesting the involvement of microorganisms in bioremediation.
Previous studies have associated microbial genera such as Methylobacterium, Microbacterium,
Paenibacillus, and Streptomyces with tebuthiuron degradation [32,33]. The long-term pres-
ence of the fungal inoculant may contribute to the dissipation of tebuthiuron, reducing its
toxicity to subsequent plantings.
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Table 3. Parameters of the Gompertz kinetic models for the height of C. juncea as a bioindicator
species in tebuthiuron (TBT) soil with M. pruriens (MP) and C. ensiformis (CE) and bacterial (BACT)
or fungal (FUNG) inoculants. Ref—reference control soil without leguminous plants, inoculants,
and tebuthiuron.

Treatments
Complexity Adequacy

α β k R2 AIC BIC

MP 156.35 5.94 0.01061 0.98 49.51 50.30
MP + TBT 86.91 3.29 0.03295 0.98 45.17 45.96

MP + BACT 181.96 3.76 0.01741 0.98 45.39 46.18
MP + FUNG 42.01 3.23 0.05290 0.98 41.15 41.94

MP + BACT + TBT 147.18 3.75 0.02018 0.99 41.67 42.46
MP + FUNG + TBT 248.45 8.52 0.06591 0.98 54.98 55.77

CE 178.13 3.82 0.01486 0.96 47.42 48.20
CE + TBT 115.67 3.34 0.02142 0.98 46.18 45.39

CE + BACT 78.74 3.00 0.02500 0.97 45.81 45.02
CE + FUNG 66.01 2.91 0.02667 0.96 47.20 47.98

CE + BACT + TBT 115.76 5.60 0.09303 0.97 47.70 48.49
CE + FUNG + TBT 199.88 4.11 0.01602 0.98 43.88 44.67

Ref 172.93 3.78 0.01897 0.98 44.72 45.51
TBT 324.99 8.91 0.05819 0.98 51.98 52.77

BACT 69.95 2.95 0.03017 0.97 48.00 47.21
FUNG 127.47 5.76 0.01148 0.99 44.82 45.61

BACT + TBT 70.50 3.08 0.02991 0.98 42.20 42.99
FUNG + TBT 163.15 3.47 0.01731 0.97 50.26 51.05

Parameters α, β, and k denote the superior asymmetry, the inflection point, and the exponential decay of the
specific growth rate, respectively; β = 1 keeps the relative decrease with time constant; β > 1 accelerates the
relative decrease with time; β < 1 slows the relative decrease with time; R2: coefficient of determination; AIC:
Akaike Information Criterion; BIC: Bayesian Information Criterion.

Figure 5. Kinetic growth of C. juncea height as bioindicator species in tebuthiuron (TBT) soil
with M. pruriens (MP) and C. ensiformis (CE) and fungal (FUNG) or bacterial (BACT) inoculants.
Ref—reference control soil without leguminous plants, inoculants, and tebuthiuron. (A,B) Treatments
without TBT. (C,D) Treatments with TBT.

Prior cultivation of M. pruriens and C. ensiformis significantly influenced the growth
of C. juncea. Soil previously cultivated with C. ensiformis had a more positive effect on
C. juncea’s height compared to soil with M. pruriens. As shown in Table 3, the parameters
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α and k for C. ensiformis were greater than those for M. pruriens (α = 156.35 vs. 78.13;
k = 0.0149 vs. 0.0106). While M. pruriens is beneficial for soil health due to nitrogen fixation
and nutrient cycling, it may exhibit allelopathic effects that inhibit the growth of nearby
plants through the production of bioactive compounds [34].

Interactions between the green manure species and microbial inoculants yielded
distinct results in C. juncea’s growth. For instance, the negative effect of M. pruriens
on C. juncea was alleviated when associated with the bacterial inoculant (MP + BACT),
resulting in a higher specific growth rate (k = 0.0174) and maximum height (α = 181.96 cm)
compared to MP alone. Conversely, the association of C. ensiformis with the bacterial
inoculant (CE + BACT) had an antagonistic effect on C. juncea’s growth, yielding a smaller
growth curve compared to soil with CE alone. Similarly, the association of fungal inoculants
with either phytoremediation species was generally detrimental to C. juncea, particularly
in the MP + FUNG treatment, where the maximum height was the lowest (α = 42.01 cm),
despite a higher growth rate (k = 0.0529).

When analyzing treatments involving tebuthiuron and prior cultivation with M.
pruriens or C. ensiformis, high phytotoxicity and severe limitations in C. juncea height were
observed compared to the control treatments without the herbicide. Nevertheless, the
height growth rates after prior cultivation with the herbicide remained higher than those
in the control tests, ranging from k = 0.0330 for MP + TBT to k = 0.0214 for CE + TBT.
The presence of phytotoxic compounds in the soil and the natural senescence of the
phytoremediator and sentinel species may contribute to these adverse effects [7].

Notably, the presence of the fungal inoculant reduced the phytotoxic effect of tebuthi-
uron in certain treatments. In the MP + FUNG + TBT treatment, C. juncea exhibited a rapid
height increase (k = 0.0659), resulting in a steep growth curve and an impressive maximum
height (α = 248.45 cm). Similar results were observed in the CE + FUNG + TBT treatment,
where the maximum height (α = 199.88 cm) was higher compared to other treatments with
the same species. These findings indicate the potential of the fungal inoculant in mitigating
tebuthiuron toxicity, possibly through microbial degradation of the herbicide.

The bacterial inoculant also exhibited a mitigating effect, though it was generally
less pronounced than that of the fungal inoculant. In the CE + BACT + TBT treatment,
C. juncea’s growth rate was higher (k = 0.0930), and in the MP + BACT + TBT treatment, the
maximum height (α = 147.18 cm) was higher compared to other treatments with the same
species. This suggests that the bacterial inoculant can aid in tebuthiuron remediation in
soil, albeit with some limitations [35].

Overall, these findings provide a detailed assessment of the growth dynamics of
C. juncea as a bioindicator plant. The results elucidate the impact of microbial inoculants
and the herbicide tebuthiuron on the development of the bioindicator, highlighting the
potential of certain inoculants—particularly the fungal inoculant—in mitigating the her-
bicide’s phytotoxic effects. Additionally, the efficacy of fungal inoculants in mitigating
tebuthiuron toxicity may be attributed to their robust enzymatic systems capable of de-
grading complex organic pollutants. Fungi such as Trichoderma spp. produce a variety of
extracellular enzymes, including laccases and peroxidases, which can oxidize and break
down persistent herbicides [36]. These enzymes facilitate the cleavage of chemical bonds
within the tebuthiuron molecule, transforming it into less toxic metabolites that are more
amenable to further microbial degradation or assimilation by plants. The deployment of
such fungi in bioaugmentation strategies not only enhances the degradation of recalcitrant
compounds but also improves soil health by suppressing pathogenic microorganisms and
promoting plant growth [37]. This contributes valuable knowledge to the field of phytore-
mediation, informing strategies for effectively addressing tebuthiuron-contaminated soils.

3.3.2. Phytomass Accumulation

The accumulation of dry biomass in Crotalaria juncea varied significantly across treat-
ments, revealing critical insights into the interplay between microbial inoculants, herbicide
presence, and phytoremediation efficacy (Figure 6). Notably, the treatment combining
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tebuthiuron with bacterial inoculants (TBT + BACT) resulted in the highest dry biomass
production, reaching approximately 18 g. Despite being higher, there was no statistical
significance compared to the other treatments, which suggested that the addition of specific
bacterial strains effectively mitigated the herbicide’s phytotoxic effects on C. juncea. The
bacteria likely facilitated enhanced degradation or transformation of tebuthiuron, reduc-
ing its toxicity and promoting plant growth. This finding underscores the potential of
bacterial inoculants as a pivotal component in phytoremediation strategies for tebuthiuron-
contaminated soils.

Figure 6. Production of total dry biomass of C. juncea in soil associated or not with tebuthiuron (TBT),
bacterial (BACT), or fungal (FUNG) inoculants and/or the different plants M. pruriens (MP) and C.
ensiformis (CE) after 70 DAS. Ref—reference control soil without leguminous plants, inoculants, and
tebuthiuron. Same lowercase letters did not indicate statistical differences by the Tukey test (p < 0.05).

In stark contrast, the treatment with tebuthiuron alone (TBT) without any inoculants
resulted in significantly lower biomass accumulation, around 7 g. This substantial reduction
reflects the negative impact of the herbicide on the growth of C. juncea, confirming its
phytotoxicity in the absence of bioremediation interventions. The persistence and toxicity of
tebuthiuron in this treatment could be attributed to its chemical stability and the substantial
organic matter content in the soil, which may enhance herbicide adsorption and reduce its
bioavailability for degradation [30].

Fungal inoculants (FUNG), when applied in combination with tebuthiuron (TBT + FUNG),
were less effective than bacterial inoculants in mitigating the herbicide’s phytotoxicity, re-
sulting in dry biomass of approximately 9 g. While fungi are known to play roles in
biodegradation and plant growth promotion, their efficacy in this context was inferior to
that of bacteria. This suggests that the specific fungal species used may not have possessed
the necessary metabolic pathways to effectively degrade tebuthiuron or may have had less
synergistic interactions with C. juncea compared to the bacterial strains.

The combinations involving prior cultivation of M. pruriens (MP) or C. ensiformis (CE)
with microbial inoculants and tebuthiuron yielded variable biomass outcomes. Generally,
these treatments did not achieve biomass values as high as the TBT + BACT treatment.
Biomass production in these groups ranged between 5 and 12 g, indicating that the interac-
tions between the leguminous plants, microbial inoculants, and tebuthiuron are complex.
Possible antagonistic effects, such as competition for nutrients, allelopathic interactions,
or microbial community shifts, may have limited the growth of C. juncea in these scenar-
ios [7,34].

These findings align with previous studies emphasizing the critical role of microor-
ganisms in enhancing plant tolerance to soil contaminants. The superior efficacy observed
with bacterial inoculants may be attributed to their ability to metabolize toxic compounds,
produce plant growth-promoting substances, or enhance nutrient availability, thereby creat-
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ing more favorable conditions for plant development [10,32]. In contrast, the lower efficacy
of fungal inoculants could be due to less efficient degradation pathways for tebuthiuron or
weaker interactions with the phytoremediator and bioindicator plants.

Overall, the results highlight the importance of selecting appropriate microbial inoc-
ulants in phytoremediation strategies. The significant increase in biomass with bacterial
inoculation demonstrates its potential application in agricultural practices to mitigate
tebuthiuron contamination. The enhanced biomass production not only indicates im-
proved plant health but also suggests a greater capacity for phytoremediation, as higher
biomass is often correlated with increased pollutant uptake and degradation [27,28].

3.4. Bioassays with L. sativa: Validating Ecotoxicity and Phytoremediation Efficiency

Ecotoxicity testing with L. sativa is a pivotal tool for evaluating soil quality, particularly
in environments potentially affected by herbicides like tebuthiuron. This indirect method
not only detects the presence of herbicide but also verifies reductions in soil toxicity.
Multiple researchers have conducted ecotoxicity tests using L. sativa following biological
pesticide remediation experiments [7,19].

The germination index (GI) of Lactuca sativa served as a sensitive indicator of soil
ecotoxicity and the effectiveness of phytoremediation treatments over time. In the un-
cultivated treatments (Figure 7), the reference soil (Ref) initially exhibited a significantly
higher GI compared to other treatments without tebuthiuron from 0 to 40 DAS. However,
by the end of the experimental period, the bacterial inoculant treatment (BACT) surpassed
both the Ref and fungal inoculant (FUNG) treatments in final GI values (0.95 > 0.92 > 0.89,
respectively) (Table 4). The higher growth rate (k value) observed for BACT indicates its
positive influence on the germination and early development of L. sativa seeds, possibly
through enhanced nutrient availability or the production of growth-promoting substances.

Table 4. Parameters of the Gompertz kinetic models for the germination index of L. sativa in ecotoxicity
bioassays in tebuthiuron (TBT) soil with M. pruriens (MP) and C. ensiformis (CE) and bacterial (BACT)
or fungal (FUNG) inoculants. Ref—reference control soil without leguminous plants, inoculants,
and tebuthiuron.

Treatments
Complexity Adequacy

α β k R2 AIC BIC

MP 1.00 6.98 0.04774 0.98 −11.64 −12.47
MP + TBT 0.97 10.09 0.06319 0.98 −13.20 −14.04

MP + BACT 1.00 7.06 0.04656 0.98 −13.15 −13.99
MP + FUNG 0.97 10.09 0.06319 0.98 −13.20 −14.04

MP + BACT + TBT 1.00 6.81 0.04618 0.98 −11.94 −12.77
MP + FUNG + TBT 1.00 7.49 0.05091 0.98 −11.67 −12.51

CE 1.00 5.94 0.04001 0.98 −11.13 −11.97
CE + TBT 1.00 7.25 0.03861 0.99 −21.18 −22.02

CE + BACT 1.00 6.96 0.04861 0.98 −10.72 −11.56
CE + FUNG 1.00 7.03 0.04880 0.98 −10.94 −11.77

CE + BACT + TBT 1.00 6.46 0.04224 0.98 −12.94 −13.77
CE + FUNG + TBT 1.00 7.06 0.04797 0.98 −11.94 −12.77

Ref 1.00 3.27 0.02642 0.99 −19.10 −19.93
TBT 1.00 3.65 0.03053 0.99 −24.09 −24.92

BACT 1.00 2.84 0.02250 0.96 −8.90 −9.73
FUNG 1.00 3.01 0.03141 0.99 −15.20 −16.03

BACT + TBT 1.00 3.28 0.03499 0.99 −18.46 −19.29
FUNG + TBT 1.00 3.33 0.02641 0.99 −19.68 −20.51

Parameters α, β, and k denote the superior asymmetry, the inflection point, and the exponential decay of the
specific growth rate, respectively; β = 1 keeps the relative decrease with time constant; β > 1 accelerates the
relative decrease with time; β < 1 slows the relative decrease with time; R2: coefficient of determination; AIC:
Akaike Information Criterion; BIC: Bayesian Information Criterion.
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Figure 7. Kinetic evolution from the Gompertz model of the germination index of L. sativa in
ecotoxicity bioassays in soil with tebuthiuron (TBT) and fungal (FUNG) or bacterial (BACT) inoculants
from the Gompertz model. Ref—reference control soil without leguminous plants, inoculants,
and tebuthiuron.

Intriguingly, the treatment containing only tebuthiuron (TBT) without any inoculants
showed a higher final GI (0.96) and faster growth rate (k = 0.0314) compared to the Ref.
This unexpected result suggests that natural attenuation processes were at play, whereby
indigenous soil microorganisms gradually degraded the herbicide over time, reducing its
phytotoxicity [38,39]. As tebuthiuron concentrations decreased, the inhibitory effects on
seed germination diminished, allowing L. sativa to achieve higher GI values.

The impact of microbial inoculants in tebuthiuron-contaminated soil differed between
bacteria and fungi. The BACT + TBT treatment exhibited the highest final GI (0.98) and
growth rate (k = 0.0350), indicating that bacterial inoculants effectively enhanced the dissi-
pation of tebuthiuron’s toxic effects, facilitating seed germination and growth. In contrast,
the FUNG + TBT treatment had a lower final GI (0.92) and growth rate (k = 0.0264), sug-
gesting that the fungal inoculant was less effective in mitigating the herbicide’s ecotoxicity.

The prior cultivation of M. pruriens (MP) and C. ensiformis (CE) also influenced the GI of
L. sativa (Figure 8A,C). Initially, the GI in these treatments was lower than the Ref between 0
and 40 DAS, possibly due to residual allelopathic compounds from the leguminous plants
or incomplete degradation of tebuthiuron. Over time, however, the GI increased, reaching
0.99 in the MP treatment (Table 4), indicating a reduction in soil toxicity. The higher growth
rate (k = 0.0477) compared to the Ref (k = 0.0264) suggests that the prior cultivation of M.
pruriens improved soil conditions, possibly through enhanced microbial activity, nutrient
cycling, and the degradation of residual herbicides.

The combination of microbial inoculants with leguminous plants further affected the
GI. In the MP + BACT treatment without tebuthiuron, the growth rate increased (k = 0.0632)
compared to MP alone, although the final GI was slightly lower (0.97 < 0.99). This indicates
that while bacterial inoculants can accelerate the reduction in ecotoxicity, they may also
introduce competitive dynamics that slightly affect germination rates. In treatments with
tebuthiuron, microbial inoculation appeared to reduce the negative ecotoxicological impact,
as evidenced by higher GI values compared to treatments without inoculants.

Overall, the GI of L. sativa provided valuable insights into the temporal dynamics of
soil ecotoxicity and the effectiveness of phytoremediation strategies. The results highlight
the potential of combining leguminous plants with specific microbial inoculants to enhance
the degradation of tebuthiuron and reduce its phytotoxic effects. However, the complexity
of interactions among plants, microorganisms, and contaminants underscores the need for
careful selection and optimization of phytoremediation components to achieve effective
soil remediation [38,39].
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Figure 8. Kinetic evolution from the Gompertz model of the germination index of L. sativa in
ecotoxicity bioassays in tebuthiuron (TBT) soil with M. pruriens (MP) and C. ensiformis (CE) and
bacterial (BACT) or fungal (FUNG) inoculants. Ref—reference control soil without leguminous plants,
inoculants, and tebuthiuron. (A,B) Treatments without TBT. (C,D) Treatments with TBT.

Furthermore, the physicochemical properties of the soil, such as pH, organic matter
content, and cation exchange capacity, significantly influence the bioavailability and persis-
tence of tebuthiuron [40]. Soils with high organic matter can adsorb greater amounts of
herbicides, potentially reducing their immediate bioavailability to plants and microbes but
also prolonging their environmental persistence [41]. Adjusting soil conditions through
amendments like compost or biochar can enhance microbial activity and modify sorption
characteristics, thereby improving degradation rates [42]. Tailoring phytoremediation
strategies to account for these soil properties is essential for optimizing contaminant re-
moval and ensuring the sustainability of remediation efforts [43].

3.5. The Impact of the Soil–Herbicide–Plant–Microbe Nexus on L. sativa’s GI: A Deeper
Understanding of Bioremediation

A multivariate response analysis using a mixed linear model (Figure 9) from 0 to
140 DAS elucidated the intricate interactions among tebuthiuron, leguminous plants, and
microbial inoculants on the germination index of L. sativa. This analysis revealed that the
combined effects of these factors played a crucial role in determining seed germination
rates and seedling development.

When leguminous plants and microbial inoculants were combined, the treatments
displayed a less steep slope in the model, indicating a strong interdependence between
these factors. This synergistic interaction resulted in higher germination rates of L. sativa,
even in the presence of tebuthiuron (accounted for as a random effect in the model). The
combination of potential phytoremediators and bioaugmentation appeared to mitigate the
phytotoxic effects of the herbicide more effectively than either factor alone.

In contrast, the individual effects of leguminous plants or microbial inoculants ex-
hibited steeper slopes, suggesting a lower impact on reducing tebuthiuron toxicity when
applied independently. This implies that microbial inoculants alone may not sufficiently
alleviate the herbicide’s phytotoxicity, and similarly, the cultivation of leguminous species
without microbial augmentation may have limited efficacy.
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Figure 9. Dynamics of random (tebuthiuron) and fixed (leguminous plants—M. pruriens and C. ensi-
formis; and microbial inoculants—fungal and bacterial) effects on the specific rate of the germination
index (GI) of L. sativa in ecotoxicity bioassays.

The enhanced performance of the combined treatments can be attributed to several
mechanisms. The leguminous plants likely improved soil health by increasing organic
matter content, enhancing nutrient availability through nitrogen fixation, and stimulating
microbial activity [21,22]. The introduced microbial inoculants may have possessed spe-
cific degradative capabilities for tebuthiuron or facilitated the proliferation of indigenous
degrader populations, leading to accelerated herbicide dissipation [9,10].

These findings underscore the importance of integrated phytoremediation strategies
that leverage synergistic interactions between plants and microorganisms. By combining
phytoremediators with bioaugmentation, it is possible to enhance the degradation of
persistent contaminants like tebuthiuron, improve soil quality, and reduce ecotoxicity more
effectively than with single-factor approaches.

3.6. Limitations and Directions to Improve the Credibility and Practicality of Phytoremediation

While this study demonstrates the potential of combining leguminous plants and
microbial inoculants for the phytoremediation of tebuthiuron-contaminated soils, several
limitations warrant consideration for future research and practical application.

The experiments were conducted under controlled greenhouse conditions, which may
not fully capture the complexities of field environments. Factors such as soil heterogeneity,
climatic variations, and ecological interactions can significantly influence phytoremediation
outcomes. Field trials are essential to validate the effectiveness of the proposed strategies
under real-world conditions, accounting for spatial and temporal variability.

Assessing the long-term sustainability of phytoremediation efforts is crucial. Con-
tinuous monitoring of contaminant levels, soil health indicators, and ecological impacts
over extended periods will provide insights into the persistence of remediation effects and
potential rebound of contaminant concentrations. In addition, agricultural soils are often
contaminated with a mixture of pesticides and other pollutants. Future studies should in-
vestigate the efficacy of phytoremediation strategies in the context of multiple contaminants
to develop comprehensive remediation approaches. Additionally, understanding how soil
properties such as texture, organic matter content, and microbial diversity influence reme-
diation processes will enable more tailored interventions. A deeper understanding of the
microbial community dynamics is also essential. Metagenomic and metatranscriptomic
analyses can identify key microbial taxa involved in contaminant degradation and elucidate
functional pathways. This knowledge can inform the selection or engineering of more
effective microbial consortia for bioaugmentation.

Economic analyses comparing phytoremediation to conventional remediation meth-
ods are necessary to assess cost-effectiveness. Factors such as the cost of microbial in-
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oculants, plant cultivation, timeframes for remediation, and potential economic benefits
from biomass utilization should be considered. Developing scalable and economically
viable phytoremediation models will facilitate broader adoption in agricultural practices.
The effective implementation of phytoremediation strategies requires supportive policies,
regulatory frameworks, and stakeholder engagement. Educating farmers, land managers,
and policymakers about the benefits and limitations of phytoremediation will promote its
integration into sustainable land management practices.

3.7. Future Perspectives

Advancements in phytoremediation research hold promise for enhancing the effi-
ciency and applicability of this eco-friendly remediation method. Future directions include
(a) plant–microbe interactions, exploring novel symbiotic relationships, and co-cultivation
techniques can optimize contaminant degradation. Genetic studies may reveal plant traits
that enhance microbial colonization and activity; (b) genetic engineering, developing
transgenic plants with enhanced metabolic capabilities to degrade specific contaminants
offers potential, though ecological risks and ethical considerations must be addressed;
(c) integrated remediation strategies, combining phytoremediation with other remedia-
tion technologies, such as biostimulation, chemical oxidation, or nanotechnology, may
overcome limitations associated with single-method approaches; (d) urban and aquatic
applications, extending phytoremediation to urban settings and aquatic environments re-
quires adaptation to unique challenges, such as space constraints and pollutant dispersion
dynamics; and (e) policy development and public awareness, establishing clear guidelines,
safety protocols, and public education initiatives will facilitate acceptance and trust in
phytoremediation practices.

As environmental concerns escalate globally, the practical application of phytore-
mediation on a larger scale becomes increasingly significant. By addressing the current
limitations and capitalizing on emerging research, phytoremediation can evolve into a more
robust and versatile tool for mitigating environmental pollution, promoting ecosystem
health, and supporting sustainable agricultural practices.

4. Conclusions

This study has demonstrated that integrating leguminous plants with microbial inocu-
lants offers a promising and sustainable strategy for the phytoremediation of tebuthiuron-
contaminated agricultural soils. M. pruriens exhibited a faster growth rate than C. ensiformis,
but both species experienced growth inhibition due to the herbicide’s phytotoxic effects.
The application of microbial inoculants significantly mitigated these negative impacts, with
fungal inoculants particularly enhancing plant performance in M. pruriens. This suggests
that specific fungi may possess metabolic pathways capable of degrading or transforming
tebuthiuron into less toxic compounds, thereby promoting plant growth even in contami-
nated conditions. The use of C. juncea as a bioindicator validated the effectiveness of the
remediation process. Treatments combining tebuthiuron with bacterial inoculants resulted
in the highest biomass production of C. juncea and a marked reduction in herbicide toxic-
ity, highlighting the potential of bacterial strains in enhancing tebuthiuron degradation.
Ecotoxicological bioassays with L. sativa further confirmed that the combination of legu-
minous plants with microbial inoculants accelerated soil detoxification, achieving higher
germination indices and growth rates compared to treatments without inoculants or prior
cultivation. These findings accentuate the synergistic effects of plant–microbe interactions
in enhancing the degradation of persistent herbicides, improving soil health, and reducing
environmental toxicity.

While the results are promising, it is important to recognize that the experiments
were conducted under controlled greenhouse conditions, which may not fully replicate the
complexities of field environments. Field trials are essential to validate these phytoreme-
diation strategies in real-world settings and to assess their long-term sustainability and
effectiveness under diverse environmental conditions. Future research should focus on
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scaling up these approaches, analyzing microbial community dynamics to identify key
degraders of tebuthiuron, optimizing plant–microbe combinations for specific soils and
climates, evaluating economic feasibility, and developing supportive policies to facilitate
the integration of phytoremediation into sustainable agricultural practices. In conclusion,
the integration of leguminous plants with specific microbial inoculants presents a viable
and eco-friendly approach for remediating tebuthiuron-contaminated soils. This strategy
not only contributes to the restoration of soil quality and protection of environmental health
but also advances sustainable land management practices, promoting healthier agricultural
ecosystems and benefiting society as a whole.
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Abstract: Although organic amendment has been widely demonstrated to be capable of reassembling
soil microbiomes in coastal salt-affected soils, quantitative characterization in respect to how abiotic
and biotic components drive the diversifications of soil microbial community and function remains
rudimentary. We investigated the effects of types and application rates of different exogenous
organic ameliorants (sewage sludge, S; vermicompost, V) on the physicochemical properties, fungal
community diversity, and fungal functional traits in coastal salt-affected soils. Results revealed that
both S and V amendments exhibited significantly positive impacts on the alleviation of environmental
constraints and the reassembly of fungal community and functional profile. Of note, efficacy of
the two exogenous organic ameliorants was significantly influenced by the types of carbon sources
utilized and the rates at which they are applied. More pronounced variations in soil physicochemical
and microbiological properties were observed in soils amended by S and V at the application rate
of 200 t ha−1. Both S and V treatments positively boosted soil fungal community diversification
with higher compositional diversities found in the majority of amended soils when compared to
unamended soils. In addition, S and V applications favored the flourishment of functions linked
to saprotrophic strategy with soil saprotrophs and wood saprotrophs predominating the functional
profiles in soils amended by S and V, respectively. Results obtained from redundancy analysis and
structural equation modeling revealed that pH, salinity, and SOC were the principle edaphic factors
that significantly and directly affected the reassembly of fungal community. In addition, fluctuations
in the prevalence of specific fungal genera, including Stachybotrys, Trichoderma, Mortierella, and
Acremonium, emerged as a decisive biotic factor influencing diversifications of fungal communities
and functional profiles. Taken together, this study not only highlighted the efficacy of S and V
application on environmental constraints alleviation in coastal mudflats, but also qualitatively
identified and quantitatively illustrated potential pathways and effectiveness of edaphic and biotic
components driving the diversification of soil fungal microbiomes and functional profiles. These
findings would enhance our understanding in respect to the microbial-mediated amelioration process
of salt-affected soils within coastal mudflat ecosystem.

Keywords: coastal salt-affected soil; exogenous organic ameliorants; salinization; soil organic carbon;
fungal community reassembly; fungal functional profile
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1. Introduction

Coastal mudflats are extensively distributed globally, covering an estimated area of
approximately 1.8 million km2 [1]. Utilization of coastal mudflats has been recognized
as an effective approach to address the imbalance between agricultural land supply and
demand, which has been exacerbated by rapid population growth and urban expansion [2].
However, as a result of prolonged exposure to seawater and significant evapotranspiration,
newly reclaimed lands in coastal mudflat regions have inherent limitation for subsequent
cultivations due to numerous obstacle factors in soils. Specifically, salinization, soil organic
carbon (SOC) shortage, nutritional deficiency (e.g., nitrogen, phosphorus, and potassium),
and undiverse microbial community structure and function are commonly regarded as
the main obstacle factors of coastal saline-alkali soils [3]. Consequently, overcoming these
abiotic and biotic constraints mentioned above is essential for sustainable development of
coastal salt-affected soils [4]. However, it is full of challenges as these abiotic and biotic
constraints are concomitants and interact with each other in complex ways.

It is well-established that soil microbial communities, as well as their associated func-
tionalities, play a vital role in enhancing soil fertility and sustainability, particularly in
coastal regions affected by salinity [5–7]. Consequently, diversification of microbial com-
munity structure and function has been extensively regarded as one of the crucial links to
land quality and soil fertility improvement in coastal mudflat lands. Numerous research
investigations have demonstrated that soil microbiome assemblage is profoundly affected
by environmental factors that are specific to particular habitats [8,9]. Generally, saline-alkali
stress was found to be negatively related to community compositional and functional
diversity, while improved nutritional status exhibited opposite impacts usually [10,11]. Of
note, most findings mentioned above were reported in farmland soils, while knowledge
regarding dominant drivers affecting soil microbial community assembly remains a topic
of active debate in coastal highly salinized lands. For example, multiple studies found
that fungal communities in saline soil exhibited greater vulnerability to soil saline-alkali
stress than bacterial communities. In contrast, several studies revealed that fungal pop-
ulations were more tolerant to soil salinity [12,13]. Furthermore, Zhang et al. [14] and
Vanegas et al. [15] documented that soil pH and salinity were decisive drivers in soil
microbiomes’ reconstruction, while Rath et al. [13] demonstrated that soil microbial com-
munity was significantly influenced by the scarcity of SOC directly rather than the salinity
levels. Consequently, elucidating microbial variations in response to soil environmental
change and deciphering mechanisms underlying these changes will facilitate the targeted
improvement of coastal saline soils.

Exogenous organic ameliorants have been increasingly applied for the quick elevation
of SOC, which is commonly viewed as one essential prerequisite for successful amelio-
ration of coastal salt-affected soils [16,17]. On one hand, organic matter-rich ameliorant
applications can improve soil structure and, thereby, reduce the accumulation of salt in
surface soil through capillary action, resulting in a significant mitigation of salt damages
on soil microbes [18,19]. Moreover, ample carbon substrates, energy substances, and
nutrients introduced by exogenous organic ameliorants play significant roles in the flour-
ishment of soil microbiomes in coastal mudflats [20]. Recent investigations revealed that
organic ameliorant amendments were conducive to the alleviation of obstacle factors and
diversification of microbial communities and their functional capabilities in coastal saline
soils [21,22]. Nevertheless, contrasting research findings were documented due to the
different properties of soil and organic ameliorants (e.g., types of soil and organic matters,
application rates and availabilities of organic matters, patterns and durations of organic
amendments, etc.) [23–25].

Obviously, mechanisms governing the effects of organic ameliorant applications on
the soil microbiome in coastal mudflat regions require further investigation. The current
study carried out field experiments to assess the impacts of exogenous organic ameliorants
with different types and application rates on soil physicochemical and microbiological
properties in saline soils of coastal mudflats. We aimed to qualitatively identify what abiotic
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and biotic factors influence soil fungal microbiome reassembly and quantitatively evaluate
the significance of the key agents driving the diversifications of fungal community and
functionality. The corresponding outcomes will broaden our knowledge in respect to the
fundamental mechanisms associated with microbial community assembly and provide
practical guidance for sustainable exploitation and utilization of saline soils in coastal
mudflat environments.

2. Materials and Methods

2.1. Experimental Site and Organic Ameliorants Used in This Study

The experiment site was located in Dongtai City (120◦56′51′′ E, 32◦49′56′′ N), Jiangsu
Province, China. This area is characterized by a northern subtropical continental monsoon
climate. The average annual air temperature is 16.5 ◦C, with the lowest and highest mean
monthly temperatures occurring in January (2 ◦C) and July (32 ◦C), respectively. The mean
annual precipitation is approximately 1417 mm, and the main period of rainfall is from
June to September. The dominant soil type is categorized as Solonchaks [26] and the main
planting system in this area is rice–wheat rotation. In this study, S and V were chosen
as exogenous organic ameliorants for coastal salt-affected soil amendment, which were
procured from a local fertilizer manufacturer. The main physicochemical characteristics of
the initial soil and the two organic ameliorants are listed in Table 1 [27].

Table 1. Physicochemical properties of the soils and exogenous organic materials.

Treatments pH
EC

(mS cm−1)
SOC

(g·kg−1)
TN

(g·kg−1)
C/N

TP
(g·kg−1)

AN
(mg·kg−1)

AP
(mg·kg−1)

Mudflat soil 9.02 1.38 1.97 0.282 6.99 0.507 17.08 6.99
Sewage sludge 6.32 2.77 216.2 51.2 4.22 5.51 3440 813
Vermicompost 6.33 1.46 464.9 19.27 24.1 24.12 15.87 2467

CK 9.33 ± 0.09 a 1.55 ± 0.07 a 3.60 ± 0.32 c 0.33 ± 0.01 b 10.78 ± 3.19 a 0.4 ± 0.02 c 38.0 ± 0.3 a 21.4 ± 1.8 c
S50 9.11 ± 0.04 ab 1.25 ± 0.04 b 11.27 ± 1.13 b 0.67 ± 0.06 b 16.90 ± 4.60 a 0.61 ± 0.04 bc 107.1 ± 14.8 a 84.5 ± 11.4 bc

S100 8.78 ± 0.02 cd 0.82 ± 0.08 d 11.92 ± 1.83 b 0.70 ± 0.13 b 17.12 ± 6.35 a 0.68 ± 0.14 b 82.8 ± 11.4 a 94.8 ± 21.6 ab
S200 8.57 ± 0.20 d 0.72 ± 0.06 d 21.69 ± 3.71 a 1.33 ± 0.35 a 16.35 ± 6.08 a 1.24 ± 0.09 a 183.8 ± 64.0 a 159.0 ± 37.4 a
V50 9.04 ± 0.06 abc 1.34 ± 0.04 b 11.73 ± 1.32 b 0.68 ± 0.03 b 17.27 ± 5.16 a 0.72 ± 0.06 b 83.9 ± 7.4 a 85.0 ± 7.6 bc

V100 8.96 ± 0.08 bc 1.22 ± 0.03 b 13.59 ± 3.44 b 0.90 ± 0.25 ab 15.06 ± 5.56 a 0.82 ± 0.10 b 112.4 ± 23.4 a 108.2 ± 15.4 ab
V200 8.83 ± 0.08 bcd 0.98 ± 0.02 c 16.46 ± 2.12 ab 0.95 ± 0.18 ab 17.38 ± 5.35 a 0.83 ± 0.10b 128.3 ± 34.3 a 127.9 ± 27.5 ab

Two-
way

ANOVAs

T ns *** ns ns ns ns ns ns
R ** *** ** ** ns *** ns *

T × R ns * ns ns ns ** ns ns

Notes: CK, control soil, “S” and “V” indicate coastal salt-affected soils amended by sewage sludge and vermi-
compost, respectively. Numbers “50”, “100”, and “200” adjoining S and V indicate the two organic ameliorants
applied at amounts of 50 t ha−1, 100 t ha−1, and 200 t ha−1, respectively. Values are means and standard errors
(n = 3). Different letters in each row denote significant differences among treatments (Duncan’s test, p < 0.05).
T: types of organic amendments; R: application rates of organic amendments; T × R: interaction of types applica-
tion rates. * p < 0.05, ** p < 0.05, *** p < 0.001, ns: p not significant (two-way ANOVA).

2.2. Experimental Layout and Soil Sampling

Field microplot experiments consisted of three treatment groups, namely, (1) coastal
salt-affected soil without organic amendments (CK); (2–4) S-groups, soils amended by S;
(5–7) V-groups, soils amended by V. The application rates of S and V were 50, 100, and
200 t ha−1. Every treatment was comprised of three randomly distributed microplots
(4 m × 4 m). S and V were once applicated into each microplot according to corresponding
design application rates and mixed uniformly with the 0~20 cm soil layer using a rototiller
in October 2019. Subsequently, two salt-enduring crops, barley (Hordeum vulgare L.) and
maize (Zea mays L.), were cultivated in succession and rotated. Soil samples were collected
in October 2020. In October 2020, a total of 21 soil samples were obtained from every
microplot, with each soil sample comprised of five random soil cores (0~20 cm). Afterward,
soil samples were homogenized and, respectively, stored at −80 ◦C and 4 ◦C for the
following determinations.
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2.3. Measurements of Soil Physico-Chemical Properties

Soil pH, electrical conductivity (EC), contents of SOC, TN, TP, AN, and AP, were
determined following the methodology outlined by Lu [28]. Specifically, pH and EC were
measured in soil–water extract suspension by using a PE-20 digital pH meter and a PE-30
EC meter, respectively. Determinations of SOC, TN, TP, AN, and AP of soil were conducted
through K2Cr2O7-H2SO4 digestion, Kjeldahl digestion, and Mo-Sb colorimetry, alkaline
hydrolysis diffusion, and molybdenum blue methods, respectively.

2.4. Amplicon Sequencing and Bioinformatics Processing

Soil genomic DNA was isolated, quality-controlled, amplified, and sequenced follow-
ing the established methods of Li et al. [29]. DADA2 plugin [30] in QIIME2 (version 2023.5)
pipeline [31] was applied for sequence denoising. The Naïve Bayes consensus taxonomy
classifier available in QIIME2 was performed for the taxonomic categorization of amplicon
sequence variants (ASVs), and UNITE 8.0 database was employed for the classification of
bacterial and fungal taxa, respectively. Afterward, fungal sequences across treatments were
rarefied to 40,000 for subsequent community diversity analysis. Compositional diversity
indices of soil fungal community were calculated to characterize the differentiations in com-
munity composition across treatments. Principal coordinates analysis (PCoA) accompanied
by permutational multivariate analysis of variance (PERMANOVA) with 999 permutations
were employed to assess the dissimilarities in fungal community structural diversity among
treatments based on BC distance matrices. ASVs significantly enriched or depleted in each
organic ameliorant treatments in comparison to control were, respectively, detected by
using the R package DESeq2 (version 1.30.0). Functional prediction of fungal community
was performed based on the Fungal Traits database [32].

2.5. Statistical Analysis

One-way analysis of variance (ANOVA) and multiple comparative analyses (Duncan)
were performed for the difference significance test of soil physicochemical properties,
community diversity indices (e.g., Shannon diversity, richness, evenness, and Bray–Curtis
dissimilarity), community taxonomic compositions, and fungal functions across all treat-
ments (p < 0.05). Two-way ANOVA was performed to test the effectiveness of types and
application rates of exogenous organic materials on selected soil physicochemical prop-
erties and fungal community diversity indices. Principal component analysis (PCA) was
employed to identify the primary fungal populations accounting for the variations in
functions of fungal microbiomes across all treatments. Transformation-based redundancy
discriminant analysis (tb-RDA) was performed to assess the explanatory powers of soil
physicochemical characteristics on soil fungal community structure. Similarly, RDA was
employed to examine the associations between fungal community functional profiles and
dominant fungal genera (top 20). Procrustes analysis was applied to elucidate the corre-
lations between edaphic variables, fungal microbiome, and functional traits. Structural
equation modeling (SEM) analysis was performed to explore the relationships among
soil physicochemical property, fungal microbiome, and fungal functioning using lavaan R
package. The goodness of fit of the model was assessed through non-significant chi-square
test (χ2, p > 0.05), along with the goodness-of-fit index (GFI), and root mean square error of
approximation (RMSEA).

3. Results

3.1. Soil Edaphic Properties

The utilization of organic ameliorants resulted in a statistically significant (p < 0.05)
improvement in the soil edaphic variables with lower pH and salinity, and higher SOC
and nutrient content found in soils amended by S and V in comparison to control soil
(Table 1). pH and salinity significantly declined with the increasement of application rate of
the two organic ameliorants, while C-, N-, and P-content showed opposite contrary trends.
Particularly, S rather than V exhibited more profound effects on soil saline-alkali obstacle
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alleviation and nutrient status (C-, N-, P-content) improvement, with the minimum values
of pH and salinity and maximum values of SOC, TN, TP, AN, and AP recorded in S200
treatment in comparison to those in other treatments. In addition, only soil salinity was
significantly affected by organic ameliorants types, application rates, and their interaction
effects concurrently.

3.2. Fungal Community Diversities

Organic amendments significantly (p < 0.05) altered soil fungal community diversities
(Figure 1). Compositional diversities were all significantly affected by organic ameliorant
types, application rates, and their interactions. Compositional diversity increased with the
increasement of application rates of S and V (except for richness in V50) (Figure 1a–c). As
for structural diversity, organic ameliorant types and application rates exhibited signifi-
cant impacts on fungal community structure (Figure 1d). More pronounced Bray–Curtis
dissimilarity was found in vermicompost-amended soils as compared to S-related soils.
Results obtained from PCoA and hierarchical clusters showed that fungal community
structures drastically (p < 0.001) altered as a result of S and V amendments. Apparently, S-
and V-amended soils exhibited unique community structures that were distinctly differ-
ent from those in unamended soil. Comparatively, fungal community structures in soils
amended by high amounts of ameliorants (e.g., S100, S200, V100, and V200) showed larger
differentiation as compared to those in soils amended by low amounts of S and V (S50 and
V50) (Figure 1e,f).

Figure 1. Soil fungal community diversities across treatments. (a–c) indicate fungal community
compositional diversity indices, (d) indicates dissimilarities within fungal community structure,
(e,f) indicate PCoA and hierarchical cluster analysis, respectively. Error bars denote standard er-
rors, and different letters denote significant differences among treatments (Duncan’s test, p < 0.05).
T: types of organic amendments; R: application rates of organic amendments; T × R: interaction of
types application rates. * p < 0.05, ** p < 0.05, *** p < 0.001, ns: p not significant (two-way ANOVA).

3.3. Fungal Community Taxanomic Compostion

Organic amendments exerted a significant influence (p < 0.05) on the composition
of fungal communities across various taxonomic levels (Figure 2). At phylum level, As-
comycota, followed by Basidiomycota, Mortierellomycota, Chytridiomycota, and Rozellomycota,
were dominant fungal phyla with accumulative relative abundances (RAs) larger than
96.0% across different treatments (Figure 2a). In particular, Ascomycota was the predomi-
nant fungal phylum among treatments, with RAs significantly decreased from 71.2% (CK)
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to 52.0~52.9% (S related treatments) and 49.4~65.6% (V related treatments), respectively
(Figure 2a). At genus level, the predominant fungal genera of each treatment were Coprinel-
lus (CK, 16.1%), Coprinellus (S50, 16.1%), Mortierella (S100, 20.2%), Mortierella (S200, 25.5%),
Fusarium (V50, 15.9%), Mortierella (V100, 12.7%), and Mortierella (V200, 15.4%), respectively.
Compared with CK, enriched Mortierella, Trichoderma, and Phanerodontia were observed
in all organic-matter-amended soils, whereas genera Stachybotrys, Cladorrhinum, and Al-
ternaria, showed opposite patterns. Particularly, Preussia and Waitea positively responded
to the applications of sewage sludge; conversely, Phialophora, Acremonium, Talaromyces,
and Candolleomyces genera positively responded to the V amendment with higher RAs
only observed in V-related soil samples (Figure 2b). Additionally, soils amended with
S (Figure 2c–e) and V (Figure 2f–h), respectively, harbored distinct fungal community
compositions with specific sets of significantly responding ASVs as compared to CK. In
total, 120~171 and 91~160 ASVs with significant variations in RAs were detected in soils
amended by S and V in comparison to control, respectively. In particular, ASVs assigned
to the Mortierella were significantly enriched in all amended soils, and ASVs belonging to
the Trichoderma and Leucothecium were the top-responding fungal genera, with significant
enrichment found in S-amended soils, whereas genus Acremonium was the top responding
fungi, with significantly higher RAs in all V-amended soils in comparison to control soil.

Figure 2. Fungal community compositions at different taxonomic levels. (a,b) indicate dominant
fungal phyla (top 5) and genera (top 20) across different treatments, respectively; (c–h), ASVs with
significant variations in RAs in soils amended by organic ameliorants in comparison to control soil,
respectively (p < 0.05). “*” denotes significant differences among treatments (Duncan’s test, p < 0.05).

3.4. Fungal Functioinal Traits

Organic amendments resulted in significant (p < 0.05) variations in functional profiles
of fungal microbiome (Figure 3). Predicted functions across different treatments were
classified into three groups, namely, saprotroph, followed by pathotroph and symbiotroph,
which accounted for 75.8~89.4% of all functional traits. Particularly, saprotroph was the pre-
dominant fungal functionality among different treatments with RAs significantly increased
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from 52.6% (CK) to 58.9~61.2% (S related treatments), and 60.2~85.0% (V related treatments),
respectively (Figure 3a). At the primary level, fungal trophic traits across different treat-
ments were classified into 13 categories, namely, animal parasite, arbuscular mycorrhizal,
dung saprotroph, epiphyte, foliar endophyte, litter saprotroph, mycoparasite, nectar/tap
saprotroph, plant pathogen, pollen saprotroph, soil saprotroph, wood saprotroph, and
unspecified saprotroph. The predominant fungal traits of each treatment were unspecified
saprotroph (CK, 20.1%), soil saprotroph (S50, 33.2%), soil saprotroph (S100, 40.2%), soil
saprotroph (S200, 34.8%), wood saprotroph (V50, 57.3%), wood saprotroph (V100, 59.2%),
and wood saprotroph (V200, 35.4%), respectively (Figure 3b). Additionally, PCoA revealed
that S and V amendments significantly (p < 0.001) altered the functional community struc-
ture of the fungal microbiome. Comparatively, functional community structures in soils
amended by high amounts of ameliorants showed larger differentiation as compared to
those in soils amended by low amounts of organic ameliorants (Figure 3c). PCA showed
similar results that S- and V-related soils harbored apparently distinct functional profiles,
which separated from the CK treatment. Additionally, arbuscular mycorrhizal, followed by
plant pathogen, foliar endophyte, epiphyte, mycoparasite, soil saprotroph, and wood sapro-
troph, were dominant components accounting for the dissimilarities of organic amended
soils in comparison to control soil (Figure 3d).

Figure 3. Fungal functionalities across treatments based on the Fungal Traits database. (a,b) indicate
variations in different categorical traits of fungal community, (c), PCoA of community functional
structure at genus level, (d) primary functional traits obtained from PCA. “*” denotes significant
differences among treatments (Duncan’s test, p < 0.05).

3.5. Linking Soil Physicochemical Property, Fungal Microbiome, and Functional Profile

Procrustes analysis revealed that the ordination of soil fungal microbiome significantly
correlated with soil physicochemical properties (M2 = 0.7644, p = 0.039) (Figure 4a). RDA
results showed that six environmental factors, namely, salinity, accompanied by SOC,
pH, AP, C/N, and AN, were strongly related to the obvious partitioning of taxonomic
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structures of fungal microbiome in coastal salt-affected soils (Figure 4c). These physico-
chemical attributes explained 35.9% (p = 0.036) of the soil fungal microbiome variations in
total, with the explanatory capabilities of the initial two axes accounting for 31.3% (axe1,
padj = 0.029) and 4.6% (axe2, padj = 0.611), respectively. As for functional profiles, results
derived from Procrustes analysis showed that soil fungal functions significantly correlated
with community composition (M2 = 0.4599, p < 0.001) (Figure 4b). RDA results revealed
that dominant fungal genera, such as Trichoderma, Mortierella, Acremonium, Phanerodontia,
Talaromyces, Candolleomyces, Stachybotrys, and Leucothecium, were main variables leading to
the functional variance of soil fungal microbiome (Figure 4c). These fungal populations
explained 70.8% (p = 0.016) of the soil fungal microbiome variations in total, with the
explanatory capabilities of the initial two axes accounting for 58.9% (axe1, padj = 0.017) and
11.9% (axe2, padj = 0.236), respectively (Figure 4d).

Figure 4. Correlations among physicochemical properties, fungal community, and functional traits.
a and b indicate Procrustes analysis of associations between fungal community structure and soil
physicochemical property (a) and functional profile and community composition (b), respectively; c
and d indicate RDA of abiotic drivers in variations of soil fungal community (c) and biotic drivers
(genera level) in variations of soil functional structure (d), respectively. (e) Structural equation models
(SEMs) revealing the relationships among soil physicochemical properties, fungal microbiome, and
community functioning. Red and blue arrows signify positive and negative correlations, respectively.
Arrow width corresponds to magnitude of the association. Values adjacent to the arrows denote
standardized path coefficients. R2 denotes explained variance for induced variables. Sta., Tri.,
Mor., and Acr. indicate relative abundances of genera Stachybotrys, Trichoderma, Mortierella, and
Acremonium, respectively. “*”, “**”, and “***” denote significant correlations at p < 0.05, p < 0.01, and
p < 0.001, respectively.

SEM analysis exhibited a good fit for the physicochemical properties, fungal mi-
crobiomes, and community functions in coastal salt-affected soils (χ2 = 21.9, p = 0.400,
GFI = 0.984, RMSEA < 0.041) (Figure 4e). We observed SOC was closely and negatively
related to soil salinization (standardized path coefficient = −0.76, p < 0.001), whereas sig-
nificantly and positively correlated with soil nutrition (standardize path coefficient = 0.90,
p < 0.001). Furthermore, SOC (standardized path coefficient = 0.38, p < 0.01) and salin-
ization (standardized path coefficient = −0.86, p < 0.001) jointly played strong roles in
directly controlling variations in taxonomic compositions, including genera of Stachy-
botrys, Trichoderma, Mortierella, and Acremonium. Moreover, taxonomic composition of
fungal microbiome was significantly and positively (standardized path coefficient = 0.71,
p < 0.001) related to fungal community diversity (PCO1). Overall, taxonomic composition
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(standardized path coefficient = 0.65, p < 0.01) accompanied by fungal community diversity
(standardized path coefficient = 0.49, p < 0.01) jointly drove the diversification of commu-
nity functional diversity (PC1), which, in total, explained 71% of the variations in the fungal
community function.

4. Discussion

It is well documented that applying exogenous organic ameliorants is favorable
for obstacle factor alleviation in coastal salt-affected soils [29,33]. In the current study,
significantly alleviated soil limiting factors observed in amended soils were consistent
with previous studies [34]. Specifically, reduced pH in organic amended soils may be
partially ascribed to the neutralizing effects of lower-pH S (pH = 6.32) and V (pH = 6.33).
Furthermore, the release of acidic compounds, such as humic acids and fulvic acids,
during the degradation of S and V may have also contributed to the observed decrease
in soil pH [35]. Consistent with other studies, increased carbon storage and nutrient
contents observed in amended soils might be primarily attributed to the abundant organic
substances, nitrogen, and phosphorus, being brought into soils by applying S and V [36,37].
Our results also revealed that SOC elevation significantly and negatively related to the
reduction of soil salinity, suggesting that organic matter inputs can not only enhance SOC
sequestration in coastal salt-affected soils, but also facilitate soil structure improvement
with more noncapillary pores and eventually promote the downward leaching of salt in
the plough layer [18,19]. Comparatively, noticeable differences in soil physicochemical
properties were detected in soils amended by different organic ameliorants (S vs. V) and
application rates (50 vs. 100 vs. 200 t ha−1), which implied that effects of exogenous
organic ameliorants on environmental constraint alleviation in coastal saline soils were
significantly influenced by the types of carbon sources utilized and the rates at which
they were applied. It aligned with those reported by Li et al. [27], who also noted that
more pronounced performance of S and higher-amount amendments on obstacle factor
alleviation as compared to V and lower-amount treatments, respectively. Overall, these
findings indicated that the application of S and V was feasible and an effective agricultural
strategy for mitigating environmental constraints in coastal salinized soils.

In addition to the amelioration of soil physicochemical attributes, organic amendments
have been extensively demonstrated to facilitate the reassembly of soil microbial communi-
ties [21,22]. In the present study, we found organic materials drastically modulated soil
fungal microbiomes. Moreover, significant correlations were found among soil abiotic
factors (e.g., pH, salinity, SOC, C/N, AN) and fungal characteristics (e.g., community
composition and structure), implying that reassembly of fungal microbiome in coastal
saline soils was dominated by the specific microhabitat constructed by different exogenous
organic ameliorant applications [38,39]. Generally, compositional diversities were higher in
organic-matter-amended soils, possibly on the basis that organic-matter-induced microhab-
itat modification favored the colonization of more diverse microbial populations, which
eventually contributed to the formation of fungal community diversification [40,41]. Soil
pH, salinity, SOC, nutrient, and C: N ratios were widely considered as key determinants
influencing microbial community assembly among multitudinous edaphic variables, par-
ticularly in saline-alkali soils [42]. The present study indicated that mitigated saline-alkali
stress in organic-material-amended soils could promote the colonization of more microbial
populations, as only a limited number of microorganisms exhibit tolerance to fluctuations
in pH and salinity levels [43,44]. In contrast, enhanced supply of carbon substrates, energy
substances, and nutrients are also responsible for the flourishment of more divergent mi-
croorganisms, as they are essential for microbial growth and proliferation [20]. The C: N
ratio has traditionally been regarded as an indicator of soil nutrient availability. Fluctua-
tions in soil C: N ratio can disrupt the equilibrium of fungal stoichiometry, subsequently
influencing fungal anabolic processes and nutrient acquisition strategies [14]. Typically,
the optimal C: N ratio for soil fungi ranges from approximately 15:1 to 25:1 [45,46]. In
the present study, the observed increase in C: N ratios may serve as a significant factor
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contributing to the notable correlation identified between soil C: N ratios and the taxonomic
compositions of the fungal communities.

In this study, we observed that soils amended by different treatments harbored dif-
ferentiated fungal microbiomes. It implied that effects of exogenous organic ameliorants
on soil fungal community assembly communities were significantly influenced by the
types and quantities of these organic materials utilized [47]. On one hand, it may be asso-
ciated with the selective promotion of specific fungal groups by distinct types of carbon
sources [48]. Additionally, differentiation in environmental constraints alleviation degrees
mediated by different organic amendments might also be responsible for the distinctive
responses of specific fungal species to different treatments [49]. In particular, a marked
reduction in fungal richness was identified in soil treated by V50, corroborating the observa-
tions of Jiang et al. [50] and Zheng et al. [51], who also reported that compositional diversity
of soil microbial communities exhibited negative responses to the organic fertilizations.
This outcome might be attributed to the overall effects of relatively weak stimulation of
specific fungal populations due to inadequate V applications, coupled with insufficient
mitigation of environmental constraints. This hypothesis was further substantiated by
the recorded lower variability in the relative abundances of dominant fungal phyla, as
well as the diminished numbers of enriched and depleted ASVs in soils treated with V50.
Together, results mentioned above revealed that sewage sludge and vermicompost appli-
cation can drive fungal microbiome diversifications with higher compositional diversity
and distinguishable community structure, mainly through microhabitat modification in
coastal mudflat salt-affected soils. Furthermore, efficacy of exogenous organic ameliorants
on soil fungal microbiome was found to be dependent on both the types of applied rates of
organic materials utilized.

Soil microbial community functions have been increasingly considered as significant
ecological bio-indicators. These functions are essential for a thorough understanding of
the mechanisms underlying the assembly of microbial community functional profiles in
response to various environmental constraints [52,53]. As reported in previous investiga-
tions, organic amendments were capable of the assembling of fungal population links to
saprotrophs, resulting in enhancement functions involved in decomposing organic matters
and overcoming nutrient limitation [54]. In this study, proliferation of soil saprotrophs and
wood saprotrophs in S- and V-amended soils indicated that organic amendment favored
the establishment of fungal seedbanks characterized by diverse functionalities related to
the cycles of soil organic matter and nutrients [55,56]. As is well known, soil functionalities
are deeply dependent on microbial microbiomes and, correspondingly, fungal functional
profiles might be influenced as a result of the variations in fungal communities [52]. The
positive relationships between fungal consortia (Stachybotrys, Trichoderma, Mortierella, and
Acremonium) and fungal functional diversity seen in this study were supported by the
notion that fungal microbiomes serve as important predictors and contributors to microbial
functioning across various soil types [57]. On one hand, fungal genera, including Tricho-
derma, Mortierella, and Acremonium, are commonly recognized as decomposers, directly
affecting the persistence and mineralization of soil organic matters [58–60]. Additionally,
competitions existing among different fungal groups possessing differentiated adaptive
capacity to the environment, as well as substrate utilization patterns, can lead to variations
in fungal community diversity, and, thereby, indirectly result in distinct trophic strategies
in regard to soil microbial functional profiles [61]. These outcomes reflect the fact that
environmental constraint alleviation in organic amended soils were conductive to the
reassembly of soil fungal profiles possessing abundant functional annotations linked to
saprotrophic traits. Particularly, enriched fungal genera of Trichoderma, Mortierella, and
Acremonium may serve as crucial pioneer species in the diversification of soil microbial
functions, as species within these genera are implicated in various processes that contribute
to soil health [62]. It is important to highlight that the findings only presented the status
quo one year after soil amendment, and dynamics-based analyses should be incorpo-
rated in the subsequent studies to thoroughly elucidate the mechanisms governing the
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responses of fungal communities and their functions to the organic amendments in coastal
salt-affected soils.

5. Conclusions

In conclusion, this study suggested that soil pH, salinity, SOC, and fungal consor-
tia composed of Stachybotrys, Trichoderma, Mortierella, and Acremonium were key abiotic
and biotic components driving the diversifications of fungal communities and functional
profiles in coastal salt-affected soils. In particular, exogenous organic ameliorant amend-
ments exhibited outstanding effects on soil environmental constraint alleviation as well
as reassembly of fungal communities and functions, and effectiveness tended to be type-
dependent and dosage-dependent. Fungal community reassembly in amended soils was
strongly associated with variations in in edaphic factors, especially soil pH, salinity, and
SOC. Fungal functional profiles in amended soils were dominated by functionalities linking
to saprotrophs and tightly related to the potential saprotrophic fungal groups affiliated
to genera Trichoderma, Mortierella, and Acremonium. Collectively, this study provided
references for identification and assessment of key abiotic and biotic agents driving the
diversifications of fungal community and functional profiles in coastal salt-affected soils
amended by exogenous organic matter. The dynamic evolution characteristics of soil
edaphic and microbiological parameters, as well as the role of potential saprotrophic fungal
populations, should be further investigated, which will be beneficial for us to holistically
understand the underlying mechanisms of the microbial-driven soil quality improvement
process in coastal mudflat lands.
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Abstract: Arbuscular mycorrhizal fungi (AMF) can form symbionts with plant roots, acquire soil
nitrogen, and affect nitrous oxide (N2O) production. Biochar, as a soil additive for the management
of agricultural soil, affects soil nitrogen (N) utilization and plant growth. However, how AMF
regulates soil N unitization, the denitrification process, and N2O emissions in plant–soil systems
remains largely unknown, particularly under the biochar amendment. In this study, a microcosm
experiment was conducted to investigate the impacts of different mycorrhizal treatments (CK: neither
AMF hyphae nor plant roots; AMF: only AMF hyphae; AMF + R: AMF hyphae and plant roots)
on plant growth, soil N fertilizer utilization, N2O production and consumption, functional gene
abundance, and N2O emission at two biochar addition levels (B0: no biochar; B1: biochar addition
rate of 10 g·kg−1 soil) in a maize planting soil system. The results revealed that AMF alone and
AMF with plant root treatments enhanced the fresh weight of maize plants by 10.15% and 19.23%
and decreased soil inorganic N contents by 33.28% and 75.56%, respectively. The combination of
biochar, AMF, and plant roots showed the largest increase in maize plant biomass. The AMF and
AMF with root treatments all significantly decreased the nirS + nirK/nosZ ratio and N2O emissions
at two biochar levels. The presence of AMF and plant roots during biochar amendment showed the
smallest nirS + nirK/nosZ ratio and N2O emissions. The AMF combined with biochar and AMF and
plant roots combined with biochar treatments increased nirS + nirK/nosZ by 24.32% and 26.90% and
decreased N2O accumulation emission by 21.12% and 38.13%, respectively. The results imply that
biochar, AMF, and plant roots reduced N2O emissions directly by reducing soil N and increasing
soil N unitization efficiency and indirectly by shifting the N2O production and consumption gene
abundance in agroecosystems. These findings suggest that the addition of biochar and AMF and/or
the presence of plant roots can interact to alleviate soil N2O emissions by manipulating plant inorganic
N acquisition and the soil denitrification process.

Keywords: arbuscular mycorrhizal fungi; denitrification; plant biomass; nitrogen uptake;
nitrogen retention

1. Introduction

Nitrous oxide (N2O) is a potent greenhouse gas that can destroy the ozone layer in
the stratosphere and cause climate warming [1,2]. Due to the large amount of nitrogen
(N) fertilizer applied, agricultural soils have become the main emission source of N2O,
accounting for about 60% of the global anthropogenic N2O emission [3]. The production
of soil N2O mainly comes from soil nitrification and denitrification processes [4,5]. In
the process of soil nitrification, microorganisms in the soil oxidize the ammonium salt
(NH4

+) to nitrite (NO2
−) or nitrate (NO3

−), and N2O is produced mainly by the oxidation
of hydroxylamine (NH2OH) to NO2. The microorganisms involved in this process are
the ammonia-oxidized archaea (AOA) and ammonia-oxidizing bacteria (AOB), which
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are encoded by the ammonia mono oxygen-enzyme gene (amoA). Denitrification is the
main N2O emission source in agricultural soils [6]. In the denitrification process, nitrogen
oxides (NO3

− and NO2
−) are reduced to N2O and N2 by various reductases, among which

nitrite reductase and nitrous oxide reductase are key, and rate-limiting enzymes in soil
denitrification [6,7]. The nirS and nirK genes encode nitrite reductases, which produce
N2O, and nosZ genes encode N2O reductases that reduce N2O to N2 [8]. Therefore, the
ratio of nirS + nirK/nosZ has been used as an indicator for N2O emission potential [9].

Arbuscular mycorrhizal fungi (AMF) are a kind of beneficial soil microorganisms,
which are widespread and can form symbionts with the plant roots of over 80% of the
land plants [10]. AMF can help plant roots obtain soil nutrients and absorb photosynthates
from host plants [11]. Plant roots combined with AMF play a vital role in the soil N
cycles and significantly affect the absorption and mineralization of N [12,13]. Yet, only a
few researchers have studied the impacts of plant roots and AMF on soil N2O emission,
and they have produced different results. For instance, Zhang et al. [14] revealed that
plant roots combined with AMF suppressed soil N2O emission by changing the N cycling
microbial community. Bender et al. [15] also revealed that the AMF significantly reduced
soil N2O emission by shifting the key gene abundance of N2O emission. Qiu et al. [9]
reported that AMF combined with plant roots reduced the nirK gene abundance and the
(nirK + nirS)/nosZ ratio, decreasing soil N2O emission. Changes in soil denitrifiers play
a major controlling role in the emission of N2O. However, some studies indicated that
plant roots and AMF may increase soil N2O emission by producing more root exudates
and labile carbon from plant roots, which supply high carbon for denitrifiers to stimulate
denitrification [16,17]. Therefore, the impacts of plant roots and AMF on the denitrification
process and shifting soil N2O emission need further investigation.

Biochar is a carbon-rich solid material produced through the high-temperature crack-
ing of crop straw, firewood, weeds, and feces in the absence of oxygen conditions [18]. In
recent years, biochar has been used as a soil additive for the management of agricultural
soil, which produced important impacts on soil quality, crop yield, carbon sequestration,
and greenhouse gas emissions [2,14,19,20]. Previous studies have indicated that biochar
addition can regulate the nitrification and denitrification process by facilitating biofilm
formation and retaining soil moisture [21,22]. Biochar application can reduce N leaching
from soil and activate N fixation by increasing soil carbon sequestration [23,24]. Moreover,
biochar amendment can increase the soil cation exchange and enhance the adsorption
of soil NH4

+-N, thus reducing soil inorganic N content and inhibiting the nitrification
process [25,26]. In addition, biochar could promote soil O2 content to restrain the denitri-
fication process and reduce N2O emission [27,28]. However, few studies have explicitly
examined the effects of AMF and plant roots on denitrifying genes and N2O emissions,
particularly in biochar amendment. Some recent studies have shown that biochar has a
special effect on soil microbes, such as AMF [29–32]. For example, a crop straw-derived
biochar application can improve soil physicochemical characteristics and facilitate the
germination and growth of AMF spores [33,34], and biochar can regulate plant fungal
signal substances that affect the germination and hyphal branching of AMF [35,36]. Zhang
et al. [37] also showed that biochar may indirectly influence AMF by affecting the activity of
phosphorus bacteria in soil. Yet, it remains largely unexplored how plant roots associated
with AMF affect N utilization and N2O emission under biochar application. Therefore,
the microcosm experiment was conducted to investigate the impacts of AMF, plant roots,
and biochar on plant growth, soil N utilization, soil denitrification, and N2O emission in
maize planting soil systems. We hypothesized that (1) the biochar addition would enhance
the growth of AMF mycelial, increase the activity of AMF mycelial microorganisms, and
promote the absorption and transfer of effective nitrogen to plants to reduce the substrate
concentration of denitrification microorganisms and then affect the soil denitrification
process and N2O emissions, and (2) the combined of biochar, AMF, and plant roots would
reduce N2O-producing gene abundance and increase soil N utilization, corresponding to
decreases in N2O emission.
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2. Materials and Methods

2.1. Biochar, AMF Inocula, Soil, and Plant Preparation

The biochar was produced from wheat straw pyrolyzed under 500 ◦C in anaerobic
conditions for 2 h, and the heating rate was 20 ◦C min−1 (Sanli New Energy Co. Ltd.,
Shangqiu, China). The organic C and N contents were measured using a Perkin-Elmer 2400
CHN elemental analyzer (Perk-Elmer Co. Ltd., Norwalk, CT, USA). The total K content
was determined using acid digestion and elemental analysis through atomic adsorption
spectroscopy (Thermo Fisher Scientific Co. Ltd., Waltham, MA, USA). The available P was
extracted using 0.5 mol L−1 NaHCO3 and measured colorimetrically (Beijing Puxi General
Instrument Co. LTD., Beijing, China). The pH was measured for a 1:5 (w/v) suspension of
biochar and deionized water with a compound glass electrode. The surface area and pore
size were measured using a TriStar II 3020 automated surface area and pore size analyzer
(Micromeritics Co. Ltd., Atlanta, GA, USA). The basic biochar properties were surface area
at 8.9 m2 g−1, average pore size at 3.14 nm, total pore volume at 0.015 cm3 g−1, organic C
content at 46.76%, total N content at 0.59%, available P content at 0.89 g kg−1, K content at
2.72%, and pH at 10.4.

The AMF inoculum, Rhizophagus intraradices BJ09, and Funneliformis mosseae BJ04A
were purchased from the Beijing Academy of Agriculture and Forestry Sciences. The
inocula were pot-cultured with Sudangrass [Sorghum sudanese (Piper) Stapf.] in the
autoclaved (121 ◦C for 2 h) mixture of zeolite and river sand at 4:1 (w/w) in the greenhouse
for four months. The ratio of the substrate and AMF inoculum was 100:1 (w/w). The
temperature was maintained at 16–25 ◦C, with regular watering to maintain plant growth.
The AMF inocula contains spores (approximately 30 spores per g−1 of substrate), mycelium,
and fine root segments.

Surface horizon soil (0–20 cm) was collected from agricultural soil at Henan University
of Science and Technology (34◦38′′ N, 112◦28′′ E), Luoyang, China, on 5 May 2020. The soil
was air-dried and passed through a 5 mm sieve for the microcosm experiment. The soil had
a pH of 7.2, 14.09 g kg−1 of organic matter, 53.76 mg kg−1 of available N, 10.18 mg kg−1 of
available P, and 112.74 mg kg−1 of available K. The planted crop was maize (Zea mays L.
var. Zhengdan-958).

2.2. Experimental Design
2.2.1. Microcosm Experiment

The microcosm experiment was established as a completely randomized trial with two
biochar levels and three mycorrhizal levels, making a total of six treatments. The two levels
of biochar were no biochar application (B0) and biochar addition rate of 10 g·kg−1 soil (B1).
To insulate the impact of AMF hyphae alone or AMF hyphae with roots on N2O emission,
the plexiglass mesocosms (45 cm length, 15 cm width, 18 cm depth) were constructed
and separated into three identical compartments by different mesh membrane sizes to
create different mycorrhizal treatments as follows: 0.45 μm pore size nylon mesh (neither
AMF nor plant roots, CK) (Figure 1A), 20 μm pore size nylon mesh (only AMF hyphae
can grow through, AMF) (Figure 1B), and 1.6 mm pore size nylon mesh (AMF hyphae
and plant roots can penetrate through, AMF + R) (Figure 1C). The three meshes used in
this experiment all allow water, soluble C, and N produced by plant roots to pass through.
Each compartment of half of the plexiglass mesocosms was filled with 3.0 kg of soil evenly
mixed with 100 g of AMF inoculum. Meanwhile, each compartment of the other half of the
plexiglass mesocosms was filled with 3.0 kg of an even mixture of soil and the prepared
biochar at a rate of 10 g·kg−1, as well as 100 g AMF of inoculum. Each treatment had four
replicates, and there was a total of 24 plexiglass mesocosms. The two compartments at
the left and right of the plexiglass mesocosm were named as host compartments, in which
maize was planted, and the compartment in the middle of the plexiglass mesocosm was
designated as the test compartment, in which N2O emission was measured (Figure 1).
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Figure 1. Schematic diagram of root compartments. The plexiglass mesocosms (45 cm length, 15 cm
width, 18 cm depth) were constructed and separated into three identical compartments by different
mesh membrane sizes to create different mycorrhizal treatments: (A) 0.45 μm pore size nylon mesh
(neither AMF nor plant roots); (B) 20 μm pore size nylon mesh (only AMF hyphae can grow through);
(C) 1.6 mm pore size nylon mesh (AMF hyphae and plant roots can penetrate through). Host
compartments with growing maize and test compartments with N2O collection.

2.2.2. Plant Growth Conditions

The experiment was conducted in the greenhouse at Henan University of Science and
Technology from 10 May to 3 August 2020. The air temperature in the greenhouse ranged
between 24.2 ◦C and 36.4 ◦C. Two maize seeds were sown in the host compartment at the
left and right of the plexiglass mesocosms on 10 May 2020 and thinned to one plant on
the seventh day after germination. At the jointing stage of maize, the 10.21% abundance
of 15N labeled urea fertilizer was hole-applied into each test compartment of plexiglass
mesocosms to achieve a rate of 180 kg N ha−1 soil. The plexiglass mesocosms were placed
randomly; deionized water was periodically watered for host compartments with plants,
as needed. The test compartments without plants were also watered with a small amount
of deionized water and usually were observed to ensure that plant roots and AMF could
pass through the mesh.

2.3. Measurements
2.3.1. Measurement of Plant Biomass, N Contents, and Root AMF Colonization

The maize plants were harvested after 85 days of growth. The aboveground parts and
roots were sampled as described by Zhang et al. [14]. The fresh weight of the maize above-
ground parts and roots was determined with an electronic balance. Then, the aboveground
parts were dried to obtain a stable weight and ground to measure the N contents. The
total N contents were determined using the micro-Kjeldahl method after digestion with
H2SO4-H2O2. The 15N abundance of the maize plant was determined using the isotope
mass spectrometer (Elementar Analysensystems GmbH Inc., Langenselbold, Germany).
Fresh fibrous roots (≤2 mm in diameter) were cut into 1 cm root segments, which were put
into the test tube, added 10% KOH(w/v) for digestion, and then stained with acid fuchsin.
The root AMF colonization was observed under a microscope (100×) using the gridline
intersection method [38].

2.3.2. Measurement of Soil N2O Emissions

The N2O gas samples were collected from the test compartment using the static
chamber method [39]. Gas samples were collected from 1 day after fertilization (DAF) and
discontinuously collected at 1–5, 7, 9, 11, 13, 18, and 21–28 DAF. The concentrations of N2O
were measured using gas chromatography (Agilent 7890A, Agilent Technologies Co. Ltd.,
Santa Clara, CA, USA). The calculations of N2O fluxes and cumulative emissions by the
research of Gao et al. [40].
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2.3.3. Soil Sampling and Analyses

After the maize plants were harvested, soil samples of the test compartment were
collected, and the visible residues and plant roots were carefully removed. Some of the soil
samples were stored in a −80 ◦C refrigerator for soil DNA extraction, and the remainder of
the soil was stored in a 4 ◦C refrigerator for soil total nitrogen, soil 15N abundance, NH4

+-N,
and NO3

−-N measurements. The soil total nitrogen, NH4
+-N, and NO3

−-N contents were
measured using a continuous flow analyzer (SEAL Analytic, Norderstedt, Germany). The
soil 15N abundance was determined in a similar manner as that described for the plants’
15N mensurate.

2.3.4. Soil DNA Extracted and Denitrification Functional Gene Abundances

A total of 0.5 g of the soil samples stored in the −80 ◦C refrigerator to extract soil DNA
were taken according to the method and procedure of the Fast DNA SPIN Kit for Soil (MP
Biomedicals Co. Ltd., Santa Ana, CA, USA). After extraction, the integrity of the proposed
DNA fragments was measured using 1% agarose gel electrophoresis. The extracted DNA
purity and concentration were measured using an ultraviolet spectrophotometer (Thermo
Fisher Scientific Co. Ltd., Waltham, MA, USA). The abundances of the nirS, nirK, and nosZ
genes were measured through quantitative real-time polymerase chain reaction (qPCR)
(Applied Biosystems, Waltham, MA, USA). The qPCR primers are given in Table 1.

Table 1. Primers and qPCR cycle conditions.

Target Gene Primer Sequence Reaction Conditions of qPCR Reference

nirS
nirSCd3AF GTSAACGTSAAGGARACSGG

Procedure 1 [41]nirSR3cd GASTTCGGRTGSGTCTTGA

nirK
nirK1F GGMATGGTKCCSTGGCA

Procedure 2 [42]nirK5R GCCTCGATCAGRTTRTGG

nosZ
nosZ-1F CGYTGTTCMTCGACAGCCAG

Procedure 1 [43]nosZ-1622R CGSACCTTSTTGCCSTYGCG

Procedure 1: 5 min—95 ◦C, 30 s—95 ◦C, 30 s—58 ◦C annealing, 35 cycles, 1 min—72 ◦C, 5 min—72 ◦C, Procedure
2: 5 min—95 ◦C, 30 s—95 ◦C, 30 s—55 ◦C annealing, 35 cycles, 1 min—72 ◦C.

2.4. Calculation of Nitrogen Utilization

The 15N utilization efficiency by plants (NUE), 15N retention rate by soil (NRR),
and 15N loss rate (NLR) were calculated according to the following formulas used by
Robinson [44].

NUE or NRR% = ×100 (1)

NLR% = 100 − NUE − NRR (2)

N1 = N0 × A (3)

A% =
APC(15N

)

C
×100 (4)

where NUE is the 15N utilization efficiency for maize plants, NRR is the 15N retention rate
for soil, and NLR is the 15N loss rate, which is calculated according to Equations (3) and (4).
N1 is the 15N contents from 15N urea in the plant or soil (g·kg−1), N2 is the total 15N
contents from 15N urea (g·kg−1), N0 refers to total N contents in the plant or soil (g kg−1),
A is the percentages of 15N amount from 15N urea of total N in the plant or soil (%), APC
(15N) is the 15N-atom percent excess of the plant or soil (%), and C is the 15N-atom percent
excess of labeled 15N urea (%).

2.5. Statistical Analysis

All the data analyses were performed using SPSS 25.0 software. The significance was
tested using analysis of variance (ANOVA) and LSD for multiple comparisons. Two-way
ANOVA was used to analyze the significance of biochar and AMF effects. Correlations

192



Agronomy 2024, 14, 2627

among plant biomass, AMF, soil NH4
+-N and NO3

−-N, abundance of denitrification
functional genes, and N2O emission were analyzed by using Pearson’s correlation.

3. Results

3.1. Maize Plant Biomass, Soil Inorganic N Contents, and AMF Colonization of Roots

Both biochar application and AMF significantly affected maize biomass (Tables 2 and 3).
Compared with no biochar input, the biochar application significantly increased maize
biomass under the same treatment. Compared with the CK, the AMF and AMF + R
treatments all significantly enhanced the growth traits of fresh weight (p < 0.05) under two
biochar application levels (Table 1).

Table 2. Plant biomass, root colonization rate, and soil inorganic N contents with CK, AMF, and
AMF + R treatments under different biochar application levels.

Biochar
Levels

Treatment
Fresh Weight of

the Root
(g plant−1)

Fresh Weight of
the Shoot

(g plant−1)

Soil NH4
+-N

(mg N kg−1)
Soil NO3

−-N
(mg N kg−1)

AMF
Colonization

(%)

B0
CK 110.78 ± 10.23 e 243.12 ± 20.34 d 1.02 ± 0.24 a 45.38 ± 5.12 a 41.17 ± 4.78 c

AMF 132.07 ± 15.36 cd 246.08 ± 22.67 d 0.91 ± 0.25 b 27.70 ± 3.24 c 40.27 ± 5.28 d
AMF + R 136.63 ± 11.25 c 266.47 ± 30.89 c 0.87 ± 0.26 b 9.65 ± 1.23 d 38.23 ± 4.17 fde

B1
CK 132.96 ± 16.39 cd 260.46± 28.67 c 0.95 ± 0.14 b 32.20 ± 3.78 b 45.14 ± 4.96 a

AMF 141.66 ± 15.56 b 304.61 ± 32.78 b 0.73 ± 0.15 c 23.06 ± 2.79 c 44.67 ± 5.02 b
AMF + R 163.63 ± 21.15 a 338.62 ± 37.59 a 0.68 ± 0.12 c 7.33 ± 1.11 e 43.46 ± 4.79 bc

Values are mean ± SE (n = 4). B0, no biochar application. B1, biochar application, Different letters among the
treatments indicated the significance according to Duncan’s LSD test at 0.05 level.

Table 3. Results (F-values) of two-way ANOVA for the effects of biochar, AMF, and their interaction
on plant and soil-related indices.

Factors Biochar(B) AMF B × AMF

Shoot biomass (g plant−1) 16.7 ** 42.5 ** 12.1 *
Root biomass (g plant−1) 14.2 ** 5.7 2.7

AMF colonization (%) 29.6 ** 2.4 1.5
Soil NH4

+-N (mg N kg−1) 47.9 *** 113.6 *** 16.8 **
Soil NO3

−-N (mg N kg−1) 20.78 ** 109.7 *** 8.9
N2O emission flux (μg·m−2·h−1) 116.2 *** 79.4 *** 25.7 **

nirK (copies g−1 soil) 35.4 *** 78.5 *** 13.7 **
nirS(copies g−1 soil) 56.2 *** 82.3 *** 17.5 **
nosZ(copies g−1 soil) 38.9 *** 78.5 *** 24.7 ***

nirS + nirK/nosZ 87.2 *** 70.3 *** 19.4 **
Significant effects: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Compared with the CK, the AMF and AMF + R treatments all decreased the AMF
colonization rate of maize roots under both biochar application levels (Tables 2 and 3).
The AMF and AMF + R treatments reduced the average AMF colonization rate by 1.87%
and 5.68%, respectively. There was no significant difference in the AMF colonization rate
between the AMF and AMF + R treatments (Table 2). Compared with no biochar input, the
biochar application showed a trend of increasing root AMF colonization. Compared with
no biochar input, the CK, AMF, and AMF + R treatments enhanced the AMF colonization
rate by 9.64%, 10.93%, and 13.68%, respectively, at the B1 input level.

Compared to B0 addition, B1 application significantly reduced the average soil NH4
+-

N and NO3
−-N contents by 16.43% and 22.62% (Table 2). Compared with the CK, the AMF

and AMF + R treatments significantly decreased soil NH4
+-N and NO3

−-N contents at two
biochar input levels. The AMF and AMF + R treatments at the B0 level reduced the soil
NH4

+-N contents by 10.78% and 14.71%, respectively, and the NO3
−-N contents by 38.96%

and 78.73%, respectively, and at the B1 level, they reduced the soil NH4
+-N contents by
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23.16% and 30.53%, respectively, and NO3
−-N contents by 28.38% and 77.23%, respectively,

compared with the CK treatment (Table 2).

3.2. Soil N2O Emissions

The N2O emission rates showed a variation trend of increasing first and then de-
creasing during the experimental period at both biochar levels (Figure 2), and the N2O
emission peak occurred on the third to fourth days after fertilization. Compared with the
CK, the AMF and AMF + R treatments all significantly decreased the N2O emission peak
by 40.62% and 53.23%, respectively, during the B1 application and 27.63% and 34.67%,
respectively, during the B0 application. The result showed that biochar application signifi-
cantly decreased soil N2O emission rates (Figure 2). Both biochar input and AMF presence
significantly affected soil N2O emission flux (Table 3).

Figure 2. Effects of biochar input, AMF, and roots on soil N2O emission flux. Values are means ± SE
(n = 4) at any given time point. (A) No biochar application; (B) biochar application.

The soil N2O accumulation emission during different treatments showed the trend of
CK > AMF > AMF + R at both biochar levels (Figure 3). Compared with the CK, the AMF
and AMF + R treatments significantly decreased N2O accumulation emission by 14.41%
and 25.02%, respectively, during the B0 application and 21.12% and 38.13%, respectively,
during the B1 application. Overall, the soil N2O cumulative emissions were significantly
decreased during AMF and AMF + R treatments compared with CK (p < 0.05), and the
AMF + R treatment had the best effect in reducing the soil N2O cumulative emissions.

Figure 3. Effects of biochar input, AMF, and roots on soil total N2O emission. Values are mean ± SE
(n = 4). B0, no biochar application; B1, biochar application. Different letters among the treatments
indicated the significance according to Duncan’s LSD test at 0.05 level.
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3.3. Abundances of Denitrification Genes

The AMF and AMF + R treatments enhanced the nirS, nirK, and nosZ gene copy
numbers at both biochar application levels (Figure 4). During B1 application, the AMF
and AMF + R treatments increased the nirS gene copy numbers by 23.83% and 49.10%,
respectively, the nirK gene copy numbers by 68.01% and 113.75%, respectively, and the
nosZ gene copy numbers by 110.86% and 175.51%, respectively, compared with CK. During
B0 application, the AMF and AMF + R treatments increased the nirS gene copy numbers
by 27.02% and 45.86%, respectively, the nirK gene copy numbers by 62.55% and 127.18%,
respectively, and the nosZ gene copy numbers by 66.27% and 118.71%, respectively.

Figure 4. Effects of biochar input, AMF, and roots on soil nirK (A), nirS (B), and nosZ (C) gene copy
numbers and nirS + nirK/nosZ ratio (D). Values are mean ± SE (n = 4). B0, no biochar application; B1,
biochar application. Different letters among the treatments indicated the significance according to
Duncan’s LSD test at 0.05 level.

The AMF and AMF + R treatments significantly decreased nirS + nirK/nosZ at both
biochar levels. The AMF and AMF + R treatments increased nirS + nirK/nosZ by 24.32% and
26.90%, respectively, at the B1 level and 20.83% and 18.84%, respectively, at the B0 level. The
results showed that biochar input significantly decreased nirS + nirK/nosZ compared with
no biochar addition (Figure 4). Both biochar input and AMF or root presence significantly
affected the abundances of the denitrification genes (Table 3).

3.4. Nitrogen Content and Nitrogen Use Efficiency of Maize Plants

The biochar, AMF, and AMF with roots all had significant (p < 0.05) effects on the
uptake and utilization of N nutrients for maize plants (Table 4). Compared with the CK,
the AMF and AMF + R treatments all significantly increased the 15N absorption and 15N
utilization efficiency of maize under both biochar addition levels. The AMF and AMF + R
treatments increased N utilization efficiency by 18.03% and 25.17%, respectively, at the B0
level and 4.46% and 20.15%, respectively, at the B1 level. Compared with no biochar input,
the biochar application significantly increased the N uptake and absorption, 15N content,
and nitrogen use efficiency of maize during the same treatment.

The soil 15N retention rate during different treatments showed the trend of AMF + R >
AMF > CK at the same biochar levels. The largest value of the soil 15N retention rate was
31.09% during the AMF +R treatment with biochar application (Table 4). Contrarily, the
soil 15N loss rate during different treatments showed the trend of CK > AMF > AMF + R at
the same biochar levels. Compared with CK, the AMF and AMF + R treatments decreased
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the soil 15N loss rate by 10.33% and 14.42%, respectively, at the B0 level and 9.06% and
19.16%, respectively, at the B1 level.

Table 4. Effects of biochar input, AMF, and roots on nitrogen uptake of maize and the fate of
15N-labeled urea N.

Biochar
Levels

Treatment
Nitrogen

Content of Maize
(g kg−1)

15N Absorption
of Maize
(g kg−1)

15N Utilization
Efficiency (%)

Soil 15N
Retention Rate

(%)

Soil 15N Loss
Rate (%)

B0
CK 16.79 ± 1.04 e 3.35 ±8.93 d 20.02 ± 2.25 d 26.79 ± 3.04 e 53.19 ± 4.28 a

AMF 22.04 ± 1.23 c 3.79 ±9.23 c 23.63 ±1.40 c 27.78 ± 3.23 d 48.59 ± 4.28 c
AMF + R 27.56 ± 2.18 a 4.13 ± 8.59 b 25.06 ± 2.09 b 28.56 ± 14.18 c 46.38 ± 4.28 d

B1
CK 18.29 ± 2.27 d 3.75 ±3.10 c 23.72 ± 6.24 c 27.29 ± 2.27 d 48.99 ± 4.28 b

AMF 24.80 ± 2.47 b 4.36 ±3.43 b 24.74 ± 1.63 b 29.80 ± 1.47 b 45.46 ± 4.28 d
AMF + R 28.09 ± 1.77 a 4.98 ±7.07 a 28.50 ± 3.37 a 31.09 ± 3.77 a 40.41 ± 4.28 e

Values are mean ± SE (n = 4). B0, no biochar application; B1, biochar application. Different letters among the
treatments indicated the significance according to Duncan’s LSD test at 0.05 level.

3.5. Factors Affecting Soil N2O Emissions

N2O emission was correlated positively with the soil NH4
+-N, NO3

−-N, and (nirK +
nirS)/nosZ ratio. The nirK, nirS, and nosZ gene abundance, AMF colonization, and shoot
biomass were correlated negatively with N2O emission (Figure 5).

Figure 5. Relationships among plant biomass, soil inorganic N, denitrification gene abundance, AMF,
and soil N2O emission. ** p < 0.01 and * p < 0.05.

4. Discussion

4.1. Effects of Biochar, AMF, and Roots on Maize Growth

The studies revealed that the AMF alone or AMF with plant roots increased maize
biomass (Table 2). The positive effects on maize growth are likely because AMF and plant
roots promote nutrient acquisition and water uptake [30,34], which are beneficial to plant
growth. Consistent with some previous studies [32,37], in this study, biochar application
also promoted maize biomass. This may be because biochar could supply valuable macro-
nutrients (e.g., N and P) and metal ions (e.g., Ca2+ and Mg2+), which directly promote plant
growth [45]. The second reason may be that biochar has the characteristics of a porous
structure and large surface area, which can increase nutrient retention and reduce nutrient
loss, thus indirectly promoting plant growth [46,47]. The results showed that biochar
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combined with AMF and/or plant roots had the highest shoot and root biomass. There
was likely an interaction between biochar and AMF, which is consistent with previous
studies [48,49]. In this study, biochar application enhanced AMF colonization, which
increased the acquisition of soil nutrients and water and improved maize growth.

4.2. Effects of Biochar, AMF, and Roots on Soil N Utilization

Using the 15N labeling technique, this study revealed that biochar input decreased soil
NH4

+-N and NO3
−-N concentrations and increased the 15N utilization efficiency of maize

and 15N retention rate in soil. The first reason may be that biochar improved the soil’s
physical and chemical properties, which enhanced the inorganic N uptake of plants, 15N
utilization efficiency, and 15N retention rate and resulted in a reduction of soil inorganic N
content [50–53]. Additionally, previous studies have shown that biochar addition could
increase the ion exchange capacity of soil and improve the adsorption and fixation of
soil NH4

+-N and NO3
−-N. These inorganic N were absorbed by biochar and could be

released again for the absorption and utilization of plants, thus improving N utilization effi-
ciency [32,54,55]. The third possible explanation for the increase in 15N utilization efficiency
is that biochar can increase nutrient availability, stimulate beneficial soil microbial activity,
and reduce nutrient leaching [56–58]. Some studies have indicated that biochar addition
increased soil pH and supplied a more suitable environment for the growth of nitrifying
microbes, which could improve the nitrification process and decrease soil NH4

+-N and
NO3

--N contents [59,60]. The results also showed that AMF and AMF + R treatments
significantly decreased soil NH4

+-N and NO3
--N contents (Table 2). The AMF and/or plant

roots play a vital role in soil N utilization and plant N uptake [15,61,62]. The extraradical
mycelia of AMF and plant roots can absorb inorganic N from soil and transport them to host
plants [63]. Moreover, AMF can promote the degradation of nitrogen by soil microorgan-
isms, thus improving N uptake in plants and reducing soil N content [64,65]. Therefore, the
AMF significantly reduced soil inorganic N contents and enhanced N utilization efficiency
in this study.

The biochar combined with AMF alone or AMF with plant roots all significantly
decreased soil NH4

+-N and NO3
−-N contents and increased the 15N utilization efficiency

of maize and the 15N retention rate of the soil, compared with no biochar input or biochar
input with no AMF treatments. There are some reasons for the abovementioned results.
Firstly, biochar application can improve the physiochemical properties of soil and promote
the germination and growth of AMF spores. In addition, biochar has the properties of
a porous structure, providing a favorable habitat for AMF [35,66]. Secondly, biochar
may affect the germination and branching of AMF by regulating plant fungal signal
substances [58,67]. Thirdly, the biochar indirectly affects AMF by affecting the activity of
phosphorus bacteria in the soil [67]. Therefore, AMF can improve plants to absorb more
soil inorganic N with biochar application.

4.3. Effects of Biochar, AMF, and Roots on N2O Emissions

In the present study, the application of AMF alone or AMF with plant roots signifi-
cantly decreased soil N2O emission, compared with CK treatment (Figures 2 and 3). The
application of biochar and AMF with plant roots showed the largest decrease in soil N2O
emission, which was consistent with the study by Hao et al. [36]. There are several reasons
that biochar, AMF, and plant roots suppress soil N2O emissions. On the one hand, biochar,
AMF, and plant roots have inherent characteristics that help plants acquire nutrients from
the soil [20,68]. In this study, biochar, AMF, and plant roots all reduced soil NH4

+-N and
NO3

−-N concentrations and increased the utilization of soil N. On the other hand, biochar
application facilitates the germination of AMF spores and the extension of extraradical
mycelial, which enhance N uptake in the host plant, reduce the N substrate of soil nitrifiers
and denitrifiers, and decrease N2O emissions [8,35].

In agricultural soil, N2O is mainly produced through the participation of soil nitrifiers
and denitrifiers. The denitrification process, in general, plays a dominant role in soil N2O
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emissions [8,69]. In the process of denitrification, the denitrifiers acquire energy from
organic matter and convert NO3

− to N2O. In this study, the abundance of denitrifying
functional genes was measured, which was helpful in estimating whether the change in
soil N2O emission was related to biochar-, AMF-, and plant root-induced changes in the
abundance of denitrifying functional genes (Figure 4). This research showed that AMF and
AMF + R treatments all enhanced nirS, nirK, and nosZ abundance and reduced the ratio of
nirK + nirS/nosZ at both biochar application levels (Figure 4). Zhang et al. [14] showed that
AMF alone or AMF and plant root treatments all enhanced nirS abundance and reduced
the nirk/nirS ratio at high N and normal N input levels with conventionally managed
soil. The present research showed that AMF with plant roots decreased N2O emission
directly by reducing soil N and indirectly by changing the abundance of N2O-producing
functional genes in the agroecosystem. Qiu et al. [9] reported that AMF with plant roots
reduced nirK abundance and the (nirK + nirS)/nosZ ratio, leading to a reduction in soil N2O
emissions. In summary, the effect of AMF and plant roots on N2O emission was mainly
exhibited through regulating denitrifying functional genes and the denitrification process.
This study showed that biochar addition decreased nirS and nirK abundance and enhanced
nosZ abundance during AMF and AMF + R treatments (Figure 4). The positive correlation
between the soil’s N2O emission and the (nirK + nirS)/nosZ ratio (Figure 5) was consistent
with the results from other agricultural soils [9,36]. For instance, Hao et al. [36] reported
that biochar addition and/or AMF inoculation decreased N2O emissions in wheat-planted
soil, compared with soil in the absence of biochar and AMF addition. This decrease in
soil emission was mainly associated with the diminished abundance of N2O-producing
functional genes (nirK and nirS) and the increased abundance of N2O-consuming functional
genes (nosZ), and the (nirK + nirS)/nosZ ratio was the strongest driver for soil N2O. In
brief, the results suggest that the application of biochar, AMF, and plant roots may alter
N2O emission by modifying the denitrifying functional gene abundance. Furthermore, the
detailed mechanisms of the interaction of biochar, AMF, and plant roots on soil denitrifying
microbes and functional genes are still unclear and need further research.

5. Conclusions

The biochar application and presence of AMF or AMF with plant roots reduced
soil N2O emissions by increasing soil N unitization efficiency and decreasing the (nirK
+ nirS)/nosZ ratio in maize-planted soils. The presence of AMF and plant roots during
biochar amendment showed the highest decrease in N2O emission and an increase in soil
N unitization efficiency. The biochar, AMF, and plant roots may interact to shift plant
growth, N utilization, denitrifying functional genes, and N2O emissions. These results
suggest that biochar, in combination with AMF, may be considered an effective method
for mediating N cycling and reducing N2O emissions in agroecosystems. This study was
performed under microcosm conditions, which were different from the field environment
(fertilization, precipitation, and tillage practices). Therefore, it is necessary to conduct field
experiments to study the effects and mechanisms of biochar and AMF on soil N cycle and
N2O emission.
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Abstract: In order to solve the problem of low and poor straw degradation in typical black soil areas
of Northeast China, the present study was carried out to screen the potential of in situ strains with
cellulose degradation ability from black soils of Northeast China to play a role in the resourceful
utilization of straw and the development of sustainable agriculture. The straw degradation potential
of the strains was evaluated by combining sodium carboxymethyl cellulose plate screening and
cellulase viability assay; the species identification of the strains was carried out by morphology,
physiology, biochemistry, and molecular biology; and the basic medium formulation of the strains
was optimized by Box–Behnken response surface methodology. Ten cellulose-degrading strains were
identified: ZL-5, ZL-69, ZL-88, ZL-95, ZL-111, ZL-137, ZL-139, ZL-140, ZL-187, and ZL-216, of which
ZL-139 had the highest cellulase production capacity, with a cellulase secretion of 7.8781 U/mL in the
enzyme-producing medium. ZL-139 was identified as Bacillus cereus; the optimized best formulation
was glucose—4.284 g/L, yeast extract—1.454 g/L, MgSO4—0.417 g/L, KH2PO4—0.5 g/L, KH2PO4—
0.5 g/L, K2HPO4—1.5 g/L, and NaCl—1.0 g/L. In conclusion, strain ZL-139 has good potential for
crop straw degradation and can be a candidate strain for a straw-rotting agent in northeast China,
with promising prospects for development and utilization.

Keywords: black soil; straw resource utilization; cellulase; Bacillus cereus; Box–Behnken response
surface methodology

1. Introduction

With the continuous development of global agriculture, discarded straw seriously
affects the sustainability of agriculture and jeopardizes the health level of the environment.
China is one of the world’s largest producers of crop straw, generating about 700 million
tons of straw annually; however, the lack of feasible treatment and utilization technolo-
gies [1] has resulted in more than 200 million tons of this being disposed of by incineration,
leading to serious environmental pollution and the wasting of resources [2,3]. Burning
one ton in an open field releases 1168 kg of CO2, 1.0 kg of CH4, and 0.06 kg of N2O as
greenhouse gasses and emits large amounts of particulate matter [4]; meanwhile, the open
burning of straw evaporates soil moisture, destabilizes soil aggregates, reduces organic
matter, and lowers the particle size of soil aggregates [5,6]. The Chinese government has
formulated a series of relevant policies and regulations, but, in general, the dissemination
of policies banning straw burning in China’s rural communities has had mixed results [7] ,
and farmers are not sufficiently cognizant of the policy to ban straw burning, which has led
to the occurrence of straw burning from time to time. In recent years, as the straw problem
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has become more and more prominent, how to deal with the large amount of excess straw
has become a major challenge for “One Health [8]”, but straw has a complex structure and
a low rate of natural degradation [9] , so adopting a reasonable method for the resource
utilization of straw can help to achieve low-carbon agriculture.

Currently, there are physical, chemical, and biological methods for straw resource
utilization. Compared with physical and chemical treatments, biological methods for corn
stover consume low energy and are easy to implement, energy-efficient, and environmen-
tally friendly, while rapidly promoting the in situ degradation of stover [10,11]. Previous
studies have shown that fungi have a strong ability to degrade straw [12,13]. However,
compared to fungi, bacteria have the advantages of a small size, a short reproduction
cycle, a simple structure, high resistance, and wide distribution in nature, which enable
them to be cultivated and produced on a large scale [14]. They can enter the plant cells in
large quantities to degrade the cellulose therein [15]; at the same time, the organic acids
they produce can also promote cellulose degradation [16]. For example, Dong [17] et al.
found that inoculation with Brevibacillus borstelensis, Bacillus paralicheniformis, Fusobacterium,
Bacillus subtilis, and Providencia vermicola significantly accelerated the straw composting
humification process of straw compost; a correlation analysis by Sun [18] et al. showed
a significant positive correlation between the rate of straw degradation and the bacterial
population during the first 30 d of straw degradation; and Zhang [19] et al. isolated Bacillus
cereus and Ochrobactrum pseudintermedium from the rumen of buffaloes, which were finally
proven to be able to degrade agricultural wastes after the preliminary screening and verifi-
cation of enzyme activity. However, in practical applications, the local soil microflora will
largely affect the role of exogenous microorganisms [20] and reduce the straw reduction
efficiency of exogenous microorganisms. For example, Zhao [21] et al. found that there was
no significant change in the chao index of the soil bacterial community when exogenous
strains were inoculated, and Jia [22] et al. concluded that the reason why there was no
significant remediation effect of inoculation with exogenous strains during soil remedi-
ation might be that the soil properties affected the microbial remediation of exogenous
degradative strains. So, the development of straw-degrading bacteria from local soil has
important application value.

Northeastern black soils are rich in organic matter and nutrient content, as well as
having an excellent water-holding capacity, making them a valuable resource for high-yield
agriculture and playing a vital role in global agricultural production [23]. At the same
time, black soil possesses rich microbial resources, and the isolation of straw-degrading
bacteria from black soil can promote the in situ degradation of straw to a greater extent.
The aim of this study was to provide strain resources for straw resource utilization. The
focus of this study was on (1) the in situ isolation and screening of straw-degrading strains
from the black soil region of northeastern China; (2) the morphological, physiological,
biochemical, and molecular biological identification of the strains with the highest straw
degradation ability; and (3) the optimization of the basic medium for the best strains. We
hope that this study will provide strain resources and a theoretical basis for the preparation
of straw-degrading microbial agents and the resource utilization of crop straw.

2. Materials and Methods

2.1. Sample Collection

The experimental soil samples were collected from the black soil of Gongzhuling
Demonstration Base (43◦66′70′′ N, 125◦00′06′′ E) in Changchun City, Jilin Province. The
Gongzhuling Demonstration Base has a temperate continental monsoon climate, with an
average annual temperature of 5.9 ◦C, an annual precipitation of 600 mm, and a type of
black soil with a good granular structure, usually with an organic matter content of between
3 and 6 per cent and a neutral or slightly alkaline pH. The top 5 cm of soil was removed, and
about 1000 g of soil was shoveled at a depth of 5–40 cm; the impurities such as plant leaves,
rhizomes, and stones were removed and were then sealed in a bag, numbered, recorded,
and stored at room temperature. Soil from 5 to 40 cm was selected. The top layer of soil
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(0–5 cm) was selected due to it being light and dry, whereas the deeper layer of soil (>40 cm)
was chosen due to nutrient deprivation; therefore, this depth (5–40 cm) is best suited for the
survival of soil bacteria and has the maximum soil bacterial abundance. Corn stover was
collected from Changchun Comprehensive Agricultural Experiment Station of Northeast
Institute of Geography and Agroecology, Chinese Academy of Sciences (43◦00′11′′ N,
125◦40′34′′ E), the climate characteristics of the research institute are similar to those of
the Gongzhuling Demonstration Base, and the surface dust of corn stover was washed
with sterile water, dried at 80 ◦C for 12 h, and then cut into 1–2 cm sections for storage.
Corn is one of the most important cash crops in Northeast China, and so it is of practical
significance to use corn stover as the research object in this experiment. The cleaning
and drying of corn stover is carried out to avoid experimental errors due to impurities
and moisture.

2.2. Screening of Cellulose-Degrading Bacteria

Here, 5 g of soil sample was weighed and added to a triangular flask containing 95 mL
of sterile water and was incubated for 72 h at 35 ◦C with 150 rpm-min-1 shaker. After
standing for 5 h to allow the solution to stratify, 2 mL of the supernatant was aspirated
and inoculated into a liquid enrichment medium containing 10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl, and 30 g/L corn straw. The enrichment was incubated for 7 d at 35 ◦C,
150 rpm·min−1, during which time the triangular flasks were labeled with a graduated
scale and the water level was replenished at 12 h intervals. The water was diluted to 10−2,
10−3, 10−4, 10−5, and 10−6 concentrations according to the gradient dilution method [24].
After mixing, 100 μL of diluted solutions of different concentrations were applied to the
Luria–Bertani (LB) medium using a pipette gun [25]. The use of 100 μL of dilution solution
for spreading was to ensure uniform spreading at different dilution concentrations to
the extent that single colonies appeared, which were then inverted and cultured at 35 ◦C
in the dark for 24 h. Strains with different colony morphologies were picked using an
inoculation loop and isolated and purified by streaking on an LB medium [26] , numbered,
and preserved. The morphological characteristics of colonies formed by various bacteria
on culture media have certain stability and specificity; therefore, colonies can be used as a
preliminary basis for identifying different bacterial species.

The already purified strains were inoculated in a screening medium containing
20.0 g/L CMC-Na, 2.5 g/L Na2HPO4, 1.5 g/L KH2PO4, 2.5 g/L peptone, 0.5 g/L yeast
extract, and 20 g/L agar [27]. The colonies were grown in dark culture at 35 ◦C for 8
h. The colonies were stained using 1 g/L Congo red coloring solution for 20 min, and
the Congo red coloring solution was then poured off. Add 1 mol/L NaCl solution to the
screening medium and rinse the surface of the plate 2–3 times; observe the production
of a hydrolysis circle and use vernier calipers to accurately measure the diameter of the
hydrolysis circle (D) and the diameter of the colony (d) on the plate; and calculate the
ratio of the diameter of the hydrolysis circle to the diameter of the colony [28–30]. The
preliminary determinations of the high and low cellulase activity of the isolated strains
were carried out in three replicates for each strain.

2.3. Measurement of Cellulase Activity

The experimental strains were inoculated with a sodium carboxymethyl cellulose
liquid enzyme-producing medium containing 10.0 g/L tryptone, 10.0 g/L beef extract,
10.0 g/L CMC-Na, 1.5 g/L NaCl, 1.0 g/L KH2PO4, and 0.3 g/L MgSO4·7H2O, and were
then placed in a constant-temperature shaker for 5 d at 35 ◦C and 150 rpm·min−1. Fur-
thermore, 5 mL of the sample was centrifuged at 10,000 rpm min−1 for 3 min, and the
supernatant was taken as the crude enzyme solution, with three replicates for each strain.

The test tube was filled with 200 μL of the crude enzyme solution consisting of 1%
CMC-Na solution and 200 μL of crude enzyme solution (the control group was prepared by
adding an equal amount of inactivated crude enzyme solution, which was sterilized in an
autoclave at 121 ◦C for 30 min), mixed homogeneously, and then water-bathed for 30 min in
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a water bath at 50 ◦C. Then, 600 μL of DNS reagent (DNS reagent (3,5-dinitrosalicylic acid
reagent) is a commonly used chemical reagent, which is widely used for the determination
of reducing sugar contents) was added [31,32] , mixed well, boiled in a water bath for
10 min, cooled rapidly in an ice-water bath, and then fixed to 5 mL with distilled water. Its
absorbance value at 540 nm was determined, and cellulase activity was calculated from the
plotted glucose standard curve (Y = 0.1324X − 0.1045, R2 = 0.9959) with three replicates per
strain. The enzyme activity was calculated as follows [33] :

cellulase activity (U/mL) =
W × Δ f × 103

180.16 × 30

where w is the amount of glucose produced by the enzymatic reaction obtained from
the glucose standard curve, g; Δf is the dilution, i.e., the ratio of the amount of test-tube
solution to the volume of the enzyme solution; 103 indicates the unit conversion; 180.16 is
the relative molecular mass of glucose, g·mol−1; 30 is the enzyme reaction time, min; and
the amount of enzyme activity required to catalyze the production of 1 μmol of glucose in
1 min is one enzyme activity unit of enzyme activity.

2.4. Identification of Bacterial Strains

The experimental strains were inoculated in a solid enrichment medium and a liquid
LB medium and were incubated overnight at 35 ◦C. For relevant morphological [34] and
physiological and biochemical characterization, refer to the Handbook of Systematic Identifica-
tion of Common Bacteria [35]. Scanning electron microscopy observation was performed by
centrifuging the culture solution at 8000 rpm·min−1 for 5 min, discarding the supernatant,
fixing the precipitated organisms with 2.5% glutaraldehyde at 4 ◦C overnight, and washing
them three times in 0.2 M PBS buffer (pH = 6.8) for 15–20 min each time. Dehydration was
carried out with ethanol gradient and then put into a freeze dryer for freeze drying. The
dried bacterial samples were treated with gold spraying [36].

Total DNA of the strain was extracted for PCR amplification, and primers were used as
universal primers for bacterial 16S rDNA sequences [37] 27F: 5′-AGAGTTTGATCCTGGCTCAG-
3′ and 1492R: 5′-GGTTACCTTGTTACGACTT-3′. The amplification system is as follows: 2X
Tap PCR Master Mix—25 μL, upstream and downstream primers—1 μL, cDNA—2.5 μL,
ddH2O—20.1 μL. PCR reaction conditions: 95 ◦C for 3 min, 95 ◦C for 30 s, 55 ◦C for 30 s,
72 ◦C for 1 min, 34 cycles; 72 ◦C extension for 5 min. The PCR products were sent to
Bioengineering (Songjiang, Shanghai, China) Co., Ltd. for sequencing after 1% agarose
gel electrophoresis, the sequencing results were analyzed by BLAST comparison in the
NCBI (https://www.ncbi.nlm.nih.gov/) database on 1 April 2024, and the sequences of
the strains with the highest homology were selected to construct a phylogenetic tree [38].

2.5. Optimization of Optimal Medium

For a clear description of the Box–Behnken response surface design approach, the
overall optimization process is described in Figure S1. Keeping the contents of KH2PO4,
Na2HPO4, NaCl, and MgSO4 constant in the basic medium formulated as 5 g/L glucose,
1.0 g/L NH4NO3, 0.5 g/L KH2PO4, 1.5 g/L K2HPO4, 1.0 g/L NaCl, 0.5g/L MgSO4, and
by controlling the variables sequentially, the formulation of the unique carbon source and
the unique nitrogen source were screened one-way to determine the best formulation for
response surface optimization.

Using glucose addition as factor A, yeast extract addition as factor B, MgSO4 addition
as factor C, and OD600 as the response variable, a three-factor, three-level response surface
design was carried out to optimize the optimal medium formulation using the Box–Behnken
experimental design. The Box–Behnken response surface is a statistical method used to
study the interactions between variables in a multivariate system. The Box–Behnken
response surface test factors and level design of the optimal medium for ZL-139 are shown
in Table 1.
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Table 1. Box–Behnken response surface test factors and levels (g/L).

Levels
Factors

A Glucose B Yeast Extract C MgSO4

−1 3.0 0.5 0.3
0 5.0 1.0 0.5
1 7.0 1.5 0.7

2.6. Statistical Analysis

Excel2013 software was used to organize the data, the phylogenetic tree was con-
structed using MEGA11.0 software to construct the Neighbor-Joining (NJ) Kimura’s 2-
parameter model, and the confidence level of the branch points of the evolutionary tree
was evaluated by the resampling method (bootstrap test). The bootstrap test is a statistical
resampling technique that is widely used to assess the branch support and reliability of
phylogenetic trees. Because of the random variation in the data, sampling errors, or imper-
fections in the model assumptions, some branches of a phylogenetic tree may not be stable
or reliable. The bootstrap test estimates these uncertainties by resampling the original
data multiple times, thus helping to assess the reliability of the phylogenetic tree. The
Shapiro–Wilk test, one-way ANOVA statistical analysis, and LSD multiple comparisons
were performed on one-way data using the agricolae and ggplot2 packages in Rstudio
4.3.1. The agricolae package has a powerful role to play in the design of agricultural
experiments and statistical analyses and was utilized to perform the LSD multiple com-
parisons in this experiment; ggplot2 allows for the visualization of data as it provides a
graphical syntax-based plotting system, and this was utilized to generate bar graphs in this
experiment.

3. Results

3.1. Screening of Straw-Degrading Bacterial Strains and Comparison of Enzyme Activity

Ten strains of cellulose-degrading bacteria were screened using a screening medium
as shown in Figure 1A, where ZL-5, ZL-69, ZL-88, ZL-95, ZL-111, ZL-137, ZL-139, ZL-140,
ZL-187, and ZL-216 are the effects of the cellulose degradation ability, CK-1 is an effect
without cellulose degradation ability, and CK-2 is the screening medium plane. The white
circle on the medium plane is the colony level and the yellow hydrolysis circle is the
cellulose degradation ability level.

Figure 1B shows the ratio (D/d) of the diameter of the hydrolysis circle (D) to the
diameter of the colony (d) in the plane of the medium measured by a vernier caliper,
which responds to the cellulose degradation ability of the strains. The D/d of cellulose-
degrading bacteria ZL-5, ZL-69, ZL-88, ZL-95, ZL-111, ZL-137, ZL-139, ZL-140, ZL-187, and
ZL-216 were 1.7188, 1.4258, 1.6698, 1.5601, 1.4615, 1.6277, 1.8072, 1.2832, 1.4028, and 1.6125,
respectively, and strain ZL-139 had the largest D/d at 1.8072, which was significantly
higher than that of the other nine strains, with a 40.83% enhancement over ZL-140 and a
28.83% enhancement over ZL-187.

The cellulase activity (U/mL) of different strains was determined using the DNS
method (Figure 2); the cellulase activity (U/mL) of strains ZL-5, ZL-69, ZL-88, ZL-95,
ZL-111, ZL-137, ZL-139, ZL-140, ZL-187, and ZL-216 were 6.7601, 6.8300, 7.0745, 7.7208,
6.5680, 6.3758, 7.8781, 6.2884, 7.2492, and 6.6553, and the cellulase activity of strain ZL-139
was higher than that of the other nine strains, which was 7.8781 U/mL, 25.28% higher than
the enzyme activity of ZL-140 and 23.56% higher than that of ZL-139, and this value can
directly reflect the strain’s cellulose degradation ability.
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Figure 1. Schematic diagram of cellulose degradation ability. (A): ZL-5, ZL-69, ZL-88, ZL-95, ZL-111,
ZL-137, ZL-139, ZL-140, ZL-187, and ZL-216 are the effects of cellulose degradation ability, CK-1 is an
effect without cellulose degradation ability, CK-2 is the screening medium plane, the white circle on
the medium plane is the colony level, and the yellow hydrolysis circle is the cellulose degradation
ability level. (B): Ratio of hydrolysis circle (D)/colony diameter (d) for different bacterial strains. The
different lowercase letters indicate significant differences among treatments (p < 0.05).

Figure 2. Comparison of cellulase activity among different bacterial strains. The different lowercase
letters indicate significant differences among treatments (p < 0.05).

3.2. Morphological, Physiological, Biochemical, and Molecular Biology Identification of
Bacterial Strains

According to plate scribing on the LB medium, ZL-139 single colonies were raised,
smooth, moist, and sticky, and the colonies were white to yellowish, round or oval, with a
soft texture and waxy droplets (Figure 3A); as observed by scanning electron microscopy
(SEM), the strains appear as elongated rod-shaped cells arranged singly, in pairs, or in short
or long chains, measuring (1.2–1.8) μm × (3.0–5.0) μm, with smooth or slightly wrinkled
surfaces. Flagella can be seen on some of the cells, and these flagella protrude from one
or both ends of the cell, presenting a free state; some strains may have a capsule, which
is manifested as a layer of hyaline or translucent material covering the cell surface. In
addition, the endospores of the strains can be observed, which are located at one end of the
cell, with a clear demarcation line between them and the mother cell (Figure 3B).
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Figure 3. Identification of strain ZL-139. (A): Growth of strain ZL-139 on LB medium. (B): SEM
observation of ZL-139 (X7500). (C): Galanz staining diagram of ZL-139. (D): Phylogenetic tree
established using N-J method based on 16S rDNA sequences of ZL-139 and related strains.

Table 2 shows the statistics of the physiological and biochemical indices of ZL-139,
which showed that ZL-139 was an aerobic strain with positive Gram staining (Figure 3C),
a positive methyl red (M.R) reaction, a starch hydrolysis reaction, a gelatin hydrolysis
reaction, and a negative contact enzyme and diacetyl (V-P) reaction.

Table 2. Physiological and biochemical characteristics of strain ZL-139 and Escherichia coli (CK). Note:
“+” indicates a positive reaction, “−” indicates a negative reaction.

Tests Results

Name ZL-139 Escherichia coli (CK)

Catalase test − +
V-P experiment − −
M.R experiment + +

Starch hydrolysis + −
Gelatin hydrolysis + −

Aerobic test aerobic facultative anaerobe
Gram’s stain + −

The 16s rDNA sequence was obtained after extracting the total DNA of ZL-139 by
PCR amplification, and the sequence was uploaded on the Gen Bank database of National
Center for Biotechnology Information (NCBI) for BLAST 16S rDNA sequence homology
comparison. Bacillus cereus was the closest relative with 100% BLAST similarity (Figure 3D).
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The combined morphological observation, physiological and biochemical characterization,
and molecular identification showed that ZL-139 was Bacillus cereus (SUB14404564).

3.3. Optimization of Optimum Medium Based on Box–Behnken Response Surface Methodology

The one-factor test with different carbon sources was conducted on strain ZL-139,
as shown in Figure 4A, and the carbon source variables were maltose, glucose, fructose,
starch, and sucrose in that order. There were significant differences in the OD600 of the
basic medium bacterial broth after incubation, as determined by an enzyme labeling
instrument, and its OD600 was 1.0380, 1.1657, 1.0490, 1.0137, and 0.9503, respectively, in
which, compared with fructose, sucrose, maltose, and starch, ZL-139 was more likely
to absorb glucose, and its OD600 was 1.1657 after 8 h of incubation, which was 22.66%
higher than sucrose, i.e., in the basic medium, the most suitable carbon source was glucose.
Figure 4B shows a one-way test with different nitrogen sources performed by strain ZL-139;
the nitrogen source variables were beef paste, urea, NH4NO3, tryptone, and yeast extract
in that order, and the OD600 was measured to be 0.9977, 0.4353, 0.3257, 0.9097, and 1.1687,
respectively, after 8h of incubation. ZL-139 grew best when the added nitrogen source was
yeast extract, and its OD600 was 1.1687. The worst growth was observed when the added
nitrogen source was NH4NO3, with an OD600 of 0.3257; yeast extract was significantly more
effective than beef paste, urea, ammonium nitrate, and tryptone, with an increase in its
OD600 of 168.5% in comparison to the nitrogen source of urea and of 258.9% in comparison
to the nitrogen source of NH4NO3, i.e., in the basal medium, the most suitable nitrogen
source was yeast extract.

Figure 4. Effects of different carbon and nitrogen sources on the growth of strain ZL-139. The
different lowercase letters indicate significant differences among treatments (p < 0.05). Effect of
different nutrients on the growth of strain ZL-139. (A) Effect of carbon source on the growth of strain
ZL-139. (B) Effect of nitrogen source on the growth of strain ZL-139. Different lower case letters
indicate significant differences between treatments (p < 0.05).

The optimization of the optimal medium formulation was accomplished by perform-
ing a three-factor, three-level response surface design using a Box–Behnken experimental
design with glucose addition as factor A, yeast extract addition as factor B, MgSO4 ad-
dition as factor C, and OD600 as the response variable. Table 3 shows the Box–Behnken
experimental design and results, and the analysis of variance of the regression equations
of the experimental results using the Box–Behnken response surface method is shown in
Table 4. The following multivariate quadratic regression mathematical model was estab-
lished by fitting the data to Y using OD600 (Y) as the response surface and A, B, and C as
the independent variables:

Y = −0.568167 + 0.245875A + 0.983667B + 1.98667C + 0.001250AB +
0.012992AC − 0.265833BC − 0.024906A2 − 0.166500B2 − 1.73646C2
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where Y is the OD600 value, A is the glucose addition (g/L), B is the yeast extract addition
(g/L), and C is the MgSO4 addition (g/L).

Table 3. Box–Behnken experimental design and results.

Test Number A B C OD600

1 −1 −1 0 0.916
2 1 −1 0 0.927333
3 −1 1 0 1.425667
4 1 1 0 1.442
5 −1 0 −1 1.14
6 1 0 −1 1.15
7 −1 0 1 1.14
8 1 0 1 1.169667
9 0 −1 −1 0.9

10 0 1 −1 1.489
11 0 −1 1 0.98
12 0 1 1 1.462667
13 0 0 0 1.208
14 0 0 0 1.4
15 0 0 0 1.33
16 0 0 0 1.307
17 0 0 0 1.35

Table 4. Box–Behnken experiment regression equation and analysis of variance.

Source Sum of Squares df Mean Square F-Value p-Value

Model 0.6297 9 0.07 23.83 0.0002
A 0.0006 1 0.0006 0.193 0.6736
B 0.5492 1 0.5492 187.05 <0.0001
C 0.0007 1 0.0007 0.229 0.6469

AB 6.25 × 10−6 1 6.25 × 10−6 0.0021 0.9645
AC 0.0001 1 0.0001 0.0329 0.8611
BC 0.0028 1 0.0028 0.9628 0.3592
A2 0.0418 1 0.0418 14.23 0.007
B2 0.0073 1 0.0073 2.48 0.1589
C2 0.0203 1 0.0203 6.92 0.0339

Residual 0.0206 7 0.0029
Lack of Fit 0.0004 3 0.0001 0.0293 0.9922
Pure Error 0.0201 4 0.005
Cor Total 0.6502 16

As can be seen from Table 4, the p-value of the model used in this experiment is 0.0002
(p < 0.01), indicating that the model is highly significant; at the same time, the p-value of
the disfitting term is 0.9922 (p > 0.05), indicating that the disfitting term of this model is
not significant, indicating that there is no significant difference between the model used
in this experiment and the results of the fitting by the experiment and that, therefore, the
model can be used for the components of the basic medium for ZL-139 optimization. The
correlation coefficient R2Adj is 0.9278, indicating that there is a variability of 7.22% in
the model, 92.78% of the experimental data can be explained by using the polynomial
regression equation obtained in this experiment, and the coefficient of determination of
the model of this polynomial regression equation is 96.84%, indicating that the model
established in this experiment has a better fit.

In order to show the intensity of the interactions among factors more intuitively, the
two-by-two interactions of factors A (glucose), B (yeast extract), and C (MgSO4) on the
OD600 of ZL-139 Bacillus cereus were plotted as three-dimensional response surface and
contour plots (Figure 5), in which A, B, C, D, E, and F denote the three-dimensional response

210



Agronomy 2024, 14, 2591

surface and contour plots of the effects of glucose and yeast extract interactions, yeast
extract and MgSO4 interactions, and glucose and MgSO4 interactions on ZL-139 OD600,
respectively.

Figure 5. Three-dimensional response surface and contour maps of the ZL-139 basic culture medium
designed based on Box–Behnken response surface methodology. (A,B): three-dimensional response
surface and contour plots of the effect of glucose and yeast extract on the biomass of ZL-139 OD600,
respectively; (C,D): three-dimensional response surface and contour plots of the effect of yeast extract
and MgSO4 on the biomass of ZL-139 OD600, respectively; (E,F): three-dimensional response surface
and contour plots of the effect of glucose and MgSO4 on the biomass of ZL-139 OD600, respectively;
(E,F): three-dimensional response surface and contour plot of the effects of glucose and MgSO4 on
ZL-139 OD600, respectively.
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The regression model was used to analyze the relationship between the three fac-
tors and the OD600 measured by ZL-139, and, at the same time, to predict the optimal
conditions for each factor, which showed that the optimal culture conditions for strain
ZL-139 were as follows: glucose addition—4.284 g/L, yeast extract addition—1.454 g/L,
MgSO4 addition—0.417 g/L, KH2PO4—0.5 g/L, K2HPO4—1.5 g/L, NaCl—1.0 g/L, and
the maximum theoretical value of OD600 was 1.501 per 20 mL of the liquid medium under
this condition.

According to the optimal culture conditions of ZL-139 obtained after the fitting analy-
sis, the medium indexes were adjusted to 4.3 g/L for glucose addition, 1.45 g/L for yeast
extract addition, 0.42 g/L for MgSO4 addition, 0.5 g/L for KH2PO4, 1.5 g/L for K2HPO4,
and 1.0 g/L for NaCl in the actual cultivation operation, and the OD600 average was mea-
sured to be 1.473 ± 0.017 with the values predicted by three parallel tests. The components
of the optimal medium for ZL-139 were verified, and the mean value of OD600 of ZL-139
was measured as 1.473 ± 0.017 in three parallel experiments, with a difference of 4.203%
from the predicted value.

4. Discussion

The screening of bacteria for cellulose degradation capacity using a CMC-Na-rich
screening medium and Congo red staining method has been widely used for targeted
screening because Congo red and cellulose interact in the medium, and when bacteria
secrete cellulase, cellulose is degraded to cellulose ditangles, glucose, and organic acids,
and the pH around the colony decreases, leading to the formation of a hyaline hydrolysis
circle [28,39], which can be used to detect the cellulose degradation capacity of bacteria.
Therefore, the ability of bacteria to degrade cellulose can be initially detected by the ratio of
the diameter of the hydrolysis circle (D) to the diameter of the colony (d) [40,41]. Because
cellulase activity is directly proportional to D/d, Yu [42] et al. isolated five bacterial species
with straw degrading ability, named z-5, 4-1, 3-1, 2-2, and m-2, from vegetable soil, small
grass inter-root soil, silkworm dung, and forest soil, where strain 2-2 had the largest D/d,
at 1.76, and strain 3-1 had the smallest, at 1.22, which were smaller than the strains isolated
from black soil in the present experiment; Yuan [43] et al. isolated 160 strains of straw-
degrading bacteria from straw-returned soil, in which the largest hydrolysis circle diameter
was XJ-132 with a hydrolysis circle diameter of 31.0 mm, which was smaller than that of the
isolate ZL-139 in the present experiment. Therefore, the isolated isolate from the black soil
with rich humus content in the present experiment has a greater potential for application.

Suitable culture conditions can promote bacterial multiplication and enhance vigor,
which is also important for bacterial cellulase activity. Furthermore, 30–40 ◦C and 120–180
rpm·min−1 are the optimal culture condition intervals for straw-degrading bacteria; for
example, Li [44] et al. chose 30 ◦C and 180 rpm·min−1 as the culture conditions when
investigating the cellulase activity of the bacterial strain TH-21; Guo [45] et al. chose
37 ◦C as the incubation condition when screening and evaluating the cellulase activity
of Cellumonas xylaniitica and Escherichia coli JM109; and Singh [46] et al. chose 32 ◦C and
120 rpm·min−1 as the incubation condition when studying the enzyme activity of the seven
isolates isolated in their experiment. Therefore, 35 ◦C and 150 rpm·min−1 were chosen as
the incubation conditions, which would be helpful for the study of cellulase activity in this
experiment.

The DNS method [47,48] is based on the principle that reducing sugars produced
by the cellulase hydrolysis of cellulose can reduce yellow 3,5-dinitrosalicylic acid (DNS)
to brownish-red 3-amino-5-nitrosalicylic acid under an alkaline environment, and the
color shade of this reduction product is proportional to the content of reducing sugars
within a certain concentration range. Wan [49] et al. measured the cellulase content of
screened Bacillus subtilis, Bacillus licheniformis, Bacillus megaterium, Canadian krusei, Trametes
versicolor, and Trametes versicolor for cellulase activity, with the highest cellulase activity
being 7.26 U/mL and 6.24 U/mL, lower than that of ZL-139 isolated in this experiment.
Meanwhile, as a bacterial strain isolated in situ from the black soil of Northeast China,
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it may play a better role in efficiently degrading the straw in the black soil of Northeast
China, so the best cellulase-producing bacterial strain, ZL-139, isolated in this experiment
can be used as a high-quality bacterial strain for degrading the straw.

Discovering straw-degrading bacteria that can play a more effective has a strong
practical significance; for example, in soil fertility, straw-degrading bacteria, through the
decomposition of straw, help the formation of soil granular structure and improve soil
aeration and water retention. At the same time, the decomposition of the nutrients can
release nitrogen, phosphorus, potassium, and other nutrients, which can be absorbed and
used by the crop, thus reducing the use of chemical fertilizers. Therefore, the application
of straw-degrading bacteria can significantly improve the efficiency and environmental
friendliness of agricultural production, providing strong support for future agricultural
practices and environmental protection.

SEM is a routine and very standard imaging and microanalysis technique [50] that
provides high-resolution images that enable researchers to observe in detail the surface
microstructure and morphological stereoscopic features of bacteria. This high-resolution
imaging is very important for identifying bacterial species and understanding their surface
characteristics, such as observing the shape, size, and surface texture of the bacteria, as well
as subtle structures such as flagella, hyphae, and pods. ZL-139, under a scanning electron
microscope, has typical morphological characteristics of the genus Bacillus. Its elongated
rod-like structure can enhance its surface area to volume ratio, which helps to improve
nutrient uptake efficiency. The unique arrangement can enhance the interaction between
bacteria and the stability of the community. The cell size of (1.2–1.8) μm × (3.0–5.0) μm
enables the bacteria to pass through tiny spaces and gaps, and, at the same time, helps
them to multiply and spread rapidly in different environments. The smoothness and folds
on the surface of ZL-139 help nutrient adsorption and metabolite release. The flagellum
is the main locomotor organ of ZL-139 and enables better attachment of ZL-139 to hosts
or other surfaces. Capsules are a polysaccharide or protein layer that provide protection,
adhesion, and other abilities for ZL-139. Endospores are one of the most important features
of the genus Bacillus that ensure the survival and reproduction of ZL-139.

In the phylogenetic tree established by the N-J method based on the 16S rDNA se-
quence of ZL-139, the similarity between ZL-139 and Bacillus cereus is 100%. Bacillus cereus
is a Gram-positive, spore-producing bacterium that is widely found in nature, including
soil, water, and food. This bacterium is highly viable due to its ability to form heat-resistant
spores under unfavorable conditions. Bacillus cereus plays an important role in agricul-
ture and has received increasing attention due to its properties such as disease resistance,
growth promotion, and high stress tolerance [51] , but Bacillus cereus has also been asso-
ciated with a variety of diseases, such as food poisoning, and therefore, the utilization of
Bacillus cereus requires special attention in terms of its potential applications and personal
safety. Verónica [52] et al. found that Bacillus cereus MH778713 is a plant growth-promoting
bacterium (PGPB) that stimulates plant growth and confers tolerance to biotic and abiotic
stresses. For example, Bacillus cereus MH778713 stimulated the growth of tomato seedlings
in greenhouse experiments and protected tomato plants from Fusarium wilt. Wang [53]
et al. found that Bacillus cereus BL4 could promote the bioremediation of Cd-contaminated
soil by Miscanthus floridulus through its effects on plant physicochemical properties and
soil microbiology. Zhao [54] et al. found that Bacillus cereus significantly altered the fun-
gal composition of the compost and increased microbial co-operation in the composting
process, thereby affecting the transformation of composted material when added to the
compost of chicken manure and wood chips.

Medium composition is one of the most important parameters affecting bacterial
cell growth and enzyme production [55]. Figure 4 demonstrates the effect of different
carbon and nitrogen sources of medium growth rates of ZL-139, which can be incubated
economically and efficiently by varying the carbon and nitrogen sources in a single factor to
understand the preferences of the strains for different carbon and nitrogen sources. Glucose
has an extremely wide range of applications, such as in fermentation production; glucose
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is the main carbon source for the growth of bacteria and product synthesis, and its content
directly determines the proliferation and metabolism level of the bacterium. Using glucose
as the optimal carbon source is significantly more effective than the other kinds of carbon
sources in the carbon source medium of ZL-139. El-dein [56] et al. optimized the conditions
for extracellular polysaccharide (EPS) production by Pleurotus pulmonarius and found that
glucose was the best stimulant for EPS production, which is also in agreement with the
findings obtained by Xu [57] et al., where they optimized the conditions for the growth
of Paecilomyces tenuipes C240 using a one-way test—glucose was the best carbon source.
The phenomenon of catabolite repression is a mechanism for efficiently utilizing resources
in the presence of nutrients to promote growth, development, and survival [58]. For
example, E. coli, under unrestricted growth conditions with multiple carbohydrates, will
usually preferentially take up and utilize one of them [59] , although other carbon sources
can also promote E. coli growth. At the molecular level, Bacillus subtilis, for example, will
produce a transcriptional repressor protein that represses promoters of genes that catabolize
non-preferred carbon sources during glucose availability [60]. Thus, moderate amounts
of glucose can provide the energy required for microbial growth and support essential
cellular activities. If the concentration of glucose is high, it will inhibit the expression
of cellulase genes in the strain through the carbon source repression effect, and if the
concentration of glucose is low, the strain may not be able to obtain enough energy to
support cellulase synthesis.

Cryptococcus gattii is an important yeast that may be one of the raw materials for
yeast extracts. Moodley [61] et al. sequenced a gene, WM276, from Cryptococcus gattii
and annotated it as a putative cellulase. Therefore, yeast extracts may be closely related
to cellulase synthesis; for example, certain peptides can act as signaling molecules that
trigger the expression of cellulase genes. Yeast extract is commonly used as a high-quality
nitrogen source, which is mainly naturally reproduced by a variety of yeasts and is rich in
nutrients such as amino acids, vitamins, and growth factors, making it a purely natural,
non-polluting, and healthy source of nutrients [62]. In addition to supplying organic
nitrogen, it can also provide amino acids and B vitamins [63,64] in order to support the
growth of the cultures. ZL-139 was poorly receptive to inorganic nitrogen sources, with an
OD600 of only 0.3257. He [65] et al. found that inorganic nitrogen sources had little or no
effect on its growth when incubated with different nitrogen sources in Valsa mali Mayabe et
Yamada, but Cheng [66] et al. found that in Ustilaginoidea virens (Cooke) Tak, using CaNO3
as a nitrogen source had the most pronounced growth-promoting effect, which may be
related to the microorganism’s own energy preference.

The role of MgSO4 in the culture medium mainly consists of providing magnesium,
participating in the activity of various enzymes, and promoting microbial growth. For
example, Junillon [67] et al., in their study of Salmonella spp., found that the addition of
magnesium to the medium significantly increased its growth rate; Dutta [68] et al., in
their study of cellulase from NCEL03 isolated from Gnathang valley of East Sikkim, found
that as the concentration of added MgN increased, the viability of cellulase also increases
gradually until it reached 12.5 μg/mL; Ji et al [69]., in their study of 7α-Hydroxysteroid
dehydrogenase, found that magnesium ions significantly enhance its activity and thermal
stability. Therefore, by combining the results of the one-way test and the analysis of
substance properties, glucose, yeast extract, and MgSO4 were selected for the experimental
design of the Box–Behnken response surface methodology in this experiment.

Box–Behnken design is a design of experiment methodology commonly used in
response surface methodology (RSM), where the aim is to determine the relationship
between multiple variables and find the best settings to optimize the process. This method
is particularly suitable for exploring the effects of changes in factor levels on response
variables and can be used to construct quadratic polynomial models. Whereas bacterial
media usually consist of multiple components, each of which may have a concentration
that affects microbial growth, the Box–Behnken design is able to effectively deal with these
multifactorial problems. Meanwhile, the Box–Behnken design can identify the optimal
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parameter combinations in a small number of experiments, avoiding the extreme conditions
that may be harmful; for example, some extreme concentrations may inhibit the growth of
bacteria or even lead to death, so it is very suitable for the optimization of culture media.
Also, many studies have shown that the response surface experimental design is an effective
method for optimizing media and culture conditions [70]. Ghazanfari [71] et al. optimized
the culture conditions of natural lactic acid bacteria (LAB) to obtain a maximum yield of
500 mg/mL of L-glutamic acid, which reduced the production cost to a greater extent;
Patel [72] et al. designed a new medium for response surface methodology to enhance the
production of tacrolimus by Streptomyces tsukubensis, and the optimized tacrolimus yield
increased by 2.94-fold with a maximum yield of 574 mg/L; Bacillus thuringiensis (Bt) is an
entomopathogenic bacterium, and Saberi [73] et al. used a response surface methodology
to optimize the culture of Bt as an effective biocide for Coleoptera very well, which can
play an important role in sustainable pest control management; Rodrigues [74] et al. used
response surface methodology to optimize the best culture medium for Komagataeibacter
xylinus BPR 2001 (K. xylinus), resulting in an increase in bacterial nanocellulose (BNC)
yield and productivity to 6.4 ± 0.54 g/L and 0.74 ± 0.079 g/L/d. In this experiment, a
Box–Behnken experimental design was carried out with glucose addition as factor A, yeast
extract addition as factor B, MgSO4 addition as factor C, and OD600 as the response variable.
As can be seen in Figure 5, the response surfaces of the interaction of the factors on the
effect of OD600 were all parabolic, indicating that there is a maximum value in the fitted
regression model and that ZL-139 reached a maximum OD600 of 1.501 per 20 mL in the
basic medium, which is favorable for the development and utilization of strain ZL-139
and which is also consistent with the findings of Beeler [75] et al. ZL-139 is an efficient
straw-degrading bacterium that can be used in biomass conversion, enzyme production,
biofuel production, environmental protection, and other fields. After optimizing the basic
culture of ZL-139, its OD600 can reach 1.501 per 20 mL, which will help to improve the
cultivation efficiency and reduce the cultivation cost in the laboratory culture. At the same
time, due to the increase in the biomass of ZL-139 in the basic medium, we can enhance the
scope of its industrial or agricultural applications to a greater extent; for example, it can
shorten the fermentation cycle of ZL-139, and it lays a good theoretical foundation for the
production of large quantities of straw-degrading bacterial agents for the purpose of straw
resource utilization.

5. Conclusions

In this study, we successfully isolated a strain, ZL-139, identified as Bacillus cereus,
which exhibits strong straw degradation ability. This cellulase activity of 7.8781 U/mL is
indicative of ZL-139’s potential in agricultural waste management compared to previously
reported values. The optimum medium for ZL-139 was optimized by one-way tests, a
Box–Behnken experimental design, and model analysis, and the results showed that the
optimum culture conditions for ZL-139 in the basic medium were glucose–4.284 g/L,
yeast extract—1.454 g/L, MgSO4—0.417 g/L, KH2PO4—0.5 g/L, K2HPO4—1.5 g/L, and
NaCl—1.0 g/L, at which time the maximum theoretical OD600 value per 20 mL of the liquid
medium was 1.501. These components were selected based on their roles in supporting
bacterial growth and maximizing enzyme production. However, due to the phenomenon of
catabolite repression, only the biomass of ZL-139 in the optimized medium was determined
in this study, which was improved but not necessarily able to promote the cellulase activity,
and we will continue to optimize the medium in the later stage in order to produce a
better effect. At the same time, the screening and medium optimization of ZL-139 in the
laboratory conditions in the present study may not be completely consistent with the results
of the indoor experiment. Therefore, it is necessary to conduct field experiments on this
basis of further clarifying the straw degradation effect of ZL-139 in the future, and future
field trials should focus on parameters such as degradation rate, soil health improvements,
and impacts on crop yield to comprehensively assess the effectiveness of ZL-139 in natural
environments. Finally, as discussed, Bacillus cereus has some pathogenicity, such as food
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poisoning, so those using Bacillus cereus need to pay special attention to its potential
application value and personal safety. In summary, the findings from this study not only
contribute to the understanding of straw degradation mechanisms, but also highlight the
potential applications of ZL-139 in enhancing agricultural sustainability and developing
innovative biotechnological solutions.
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Abstract: The contamination of soil with the heavy metal cadmium (Cd) is increasingly prominent
and severely threatens food security in China. Owing to its low cost, suitable efficacy, and ability
to address the shortcomings of plant remediation by enhancing the ability of plants to take up Cd,
plant–microbe combination remediation technology has become a research hotspot in heavy metal
pollution remediation. A pot experiment was performed to examine the effects of inoculation with
the plant-growth-promoting bacterium Brevibacillus sp. SR-9 on the biomass, Cd accumulation, and
soil nutrients of hybrid Pennisetum. The purpose of this study was to determine how Brevibacillus
sp. SR-9 alleviates stress caused by heavy metal contamination. High-throughput sequencing and
metabolomics were used to determine the effects of inoculation on the soil bacterial community
composition and microbial metabolic functions associated with hybrid Pennisetum. The results
suggest that mutation of Brevibacillus sp. SR-9 effectively alleviates Cd pollution stress, leading to
increased biomass and accumulation of Cd in hybrid Pennisetum. The aboveground biomass and the
root weight increased by 12.08% and 27.03%, respectively. Additionally, the accumulation of Cd in
the aboveground sections and roots increased by 21.16% and 15.50%, respectively. Measurements
of the physicochemical properties of the soil revealed that the strain Brevibacillus sp. SR-9 slightly
increased the levels of available phosphorus, total nitrogen, total phosphorus, and available potas-
sium. High-throughput DNA sequencing revealed that Brevibacillus sp. SR-9 implantation modified
the composition of the soil bacterial community by increasing the average number of Actinobacteria
and Bacillus. The total nitrogen content of the soil was positively correlated with the Actinobacteria
abundance, total phosphorus level, and available phosphorus level. Metabolomic analysis revealed
that inoculation affected the abundance of soil metabolites, and 59 differentially abundant metabolites
were identified (p < 0.05). Among these, 14 metabolites presented increased abundance, whereas
45 metabolites presented decreased abundance. Fourteen metabolic pathways were enriched in
these metabolites: the folate resistance pathway, the ABC transporter pathway, D-glutamine and
D-glutamic acid metabolism, purine metabolism, and pyrimidine metabolism. The abundance of
the metabolites was positively correlated with the levels of available phosphorus, total potassium,
total phosphorus, and total nitrogen. According to correlation analyses, the development of hybrid
Pennisetum and the accumulation of Cd are strongly associated with differentially abundant metabo-
lites, which also impact the abundance of certain bacterial populations. This work revealed that by
altering the makeup of microbial communities and their metabolic processes, bacteria that promote
plant development can mitigate the stress caused by Cd. These findings reveal the microbiological
mechanisms through which these bacteria increase the ability of hybrid Pennisetum to take up the
Cd present in contaminated soils.
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1. Introduction

Soil heavy metal contamination has worsened due to economic factors, urbanization,
and the rapid growth of agricultural inputs [1–3]. In China, the total area of arable land
affected by heavy metal pollution has reached 20 million hectares [4]. Cadmium (Cd) is one
of the most hazardous heavy metals on the planet [5] and interferes with the absorption
and transport of essential nutrients in plants, disrupts plant metabolism, and inhibits plant
growth [6,7]. Cd treatment dramatically decreased the root tip number, surface area, and
root length of chili peppers [8]. Additionally, Cd can enter animals and humans through
the food chain, and long-term exposure can lead to kidney deposition, ultimately causing
kidney failure, lung disease, and bone fragility [9]. Thus, it is critical to create economical
and ecologically sound techniques for remediating soils polluted with Cd [10].

Currently, in soil heavy metal pollution remediation research, phytoremediation is
regarded as a very promising green technology because of its cost-effectiveness, simplicity,
and environmentally friendly nature [11]. Hybrid Pennisetum species have strong stress
resistance, wide adaptability, and high biomass yield. Additionally, recent studies have
shown that hybrid Pennisetum species have strong Cd tolerance and moderate Cd accu-
mulation capacity and can extract a considerable total amount of Cd from the soil [12,13].
Additionally, hybrid Pennisetum has application value in anaerobic digestion for biogas
production, direct combustion for power generation, pulp and paper production, and the
manufacture of regenerated cellulose films [14]. However, in practical remediation, issues
such as slow plant growth, low biomass, long remediation cycles, poor heavy metal toler-
ance, and difficulty in recycling contaminated plants significantly limit the effectiveness of
remediation [15].

Plant growth promoting bacteria (PGPB) are bacteria that can directly or indirectly
increase plant growth [16]. In the field of heavy metal remediation, by increasing metal
accumulation and improving heavy metal tolerance, PGPB can increase the ability of plants
to adapt to their surroundings and, therefore, increase phytoremediation effectiveness [17].
Kong et al. [18] and Mohammadzadeh et al. [19] reported that PGPB could affect the phyto-
toxic effects of heavy metals and enhance the absorption of heavy metals by plants. Soil
microorganisms are essential for the soil ecosystem and strongly affect plant development
in soils polluted with heavy metals. They also play a vital role in the biogeochemical cycling
of heavy metals [20,21]. The rhizosphere is the site of interactions among plants, microbes,
and soil, the rhizosphere microbial community structure and diversity are regarded as
important indicators of soil health [22]. Studies have shown that inoculation with PGPB
can alter the rhizosphere microbial community structure to promote plant growth [23].
Research has also shown that under heavy metal stress, PGPB can increase the complexity
and connectivity of rhizosphere bacterial community network modules, suggesting that
PGPB may improve network stability and thereby promote plant growth [24]. Similarly,
rhizosphere metabolites—comprising root exudates and small molecules produced by
microbial metabolism in the rhizosphere—play a vital role in the collaborative resistance
of plants and microbes to heavy metal stress [25]. Zuluaga et al. [26] and Faten et al. [27]
reported that inoculation with PGPB changed the metabolism and function of the plant
rhizosphere, improved plant resistance to stress, and increased plant biomass.

High-throughput sequencing technology is now commonly utilized in soil, rhizo-
sphere, and environmental studies [28–30]. High-throughput sequencing can be employed
to investigate the impact of heavy metals on plants, offering useful knowledge for the
remediation of heavy metal contamination. Using high-throughput technologies, Sheng
et al. [31] investigated how chromium (Cr) affects the bacterial population of Iris species,
illuminating the mechanisms underlying the stress response of Iris plants to Cr heavy
metal stress. Metabolomic techniques are now widely used to elucidate the physiological
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effects of various pollutants on exposed organisms. For example, Navarro-Reig et al. [32]
used untargeted metabolomics to perform a comprehensive LC–MS analysis of metabolites
extracted from the aboveground tissues of rice plants under Cd and copper (Cu) stress,
identifying 97 different metabolites. Compared with Cu, Cd had a more significant effect
on rice, primarily affecting secondary metabolism and amino acid, purine, and carbon
and glycerolipid metabolism pathways. Ghate et al. [33] studied the oxidative stress re-
sponse of rice to arsenic (As) and potassium salt exposure using both untargeted and
targeted metabolomics via LC–MS. The results highlighted two key metabolites identified
as response metabolites to As. Currently, there is limited research on how PGPB alter the
microbial composition and metabolism of renewable energy plants such as hybrid Pen-
nisetum for the remediation of soil heavy metal contamination. The following questions
were addressed in this study: 1. Can the plant-growth-promoting bacterium Brevibacillus
sp. SR-9 promote the growth of hybrid Pennisetum and increase the heavy metal content
in Cd-contaminated soils, thereby improving the phytoremediation efficiency? 2. Does
the plant-growth-promoting bacterium Brevibacillus sp. SR-9 promote hybrid Pennisetum
growth by altering its microbial community composition and metabolism? Is there an
interaction between the makeup of the microbial population in the rhizosphere and the
metabolism of hybrid Pennisetum that influences the phytoremediation efficiency?

2. Materials and Methods

2.1. Experimental Materials

The tested soil was collected from a garden near a pomegranate orchard at Nanyang
Normal University. The material was filtered to eliminate contaminants such as leaves and
stones. Afterward, it was air-dried and subsequently passed through a sieve with a mesh
size of 20 for further analysis. The seeds of hybrid Pennisetum used in the experiments
were purchased from Shuyang County Tuojing Horticulture Co., L (Suqian, China). The
bacteria, which were chosen for their ability to promote plant development and withstand
heavy metals, were identified as members of the Brevibacillus genus and given the name
Brevibacillus sp. SR-9. The strain Brevibacillus sp. SR-9 (SUB11374180) [34] was obtained
from Cd-contaminated soil used for farming in Nanyang, China. Brevibacillus sp. SR-9
bacteria are highly tolerant to heavy metals and are proficient in the production of iron
carriers and indole-3-acetic acid (IAA) and the solubilization of phosphorus and potassium.

2.2. Experimental Methods

The Brevibacillus sp. SR-9 strain was introduced into LB liquid medium and incubated
at 30 ◦C with agitation at a speed of 180 revolutions per minute for 24 h to prepare
the Brevibacillus sp. SR-9 bacterial suspension. After incubation, the bacterial cells were
collected via centrifugation and washed with deionized water. The suspension was then
diluted to achieve an optical density (OD) value of 1.0–1.5 for further use.

Pot experiment: We measured and portioned the soil and then added analytical grade
CdSO4·8H2O to attain a concentration of 20 milligrams per kilogram (mg/kg) of Cd ions
in the soil. The combination was completely blended and allowed to reach a state of
equilibrium for 30 days. The dirt that had been prepared was placed into pots, with
each pot containing 0.75 kg of soil. The experiment included two treatments: a control
group (CK) without bacterial inoculation with a Cd concentration of 20 mg/kg and an
experimental group inoculated with Brevibacillus sp. SR-9 at the same Cd concentration of
20 mg/kg. Hybrid Pennisetum seeds were evenly sown in plastic pots and grown outdoors.
The pots were kept under adequate light, and their positions were rotated randomly every
4 days to provide uniform and stable growth conditions. Thinning was carried out after
the hybrid Pennisetum seedlings grew to a height of 5 cm, with only 3 seedlings remaining
in each pot. The test bacterium was inoculated into the experimental group at 30, 50, and
70 days after germination. The control group was administered an equal amount of tap
water at the same intervals. The plants were grown for 95 days before harvesting and
sample collection.
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2.3. Soil Cd Content and Physicochemical Property Measurements

Digestion with hydrochloric acid, nitric acid, hydrofluoric acid, and perchloric acid
was performed, and the Cd content in different plant tissues was determined via an
inductively coupled plasma–optical emission spectrometer (ICP–OES) (Optima 2100 DV,
Perkin Elmer, USA) after digestion. The soil pH was determined via a potentiometric
approach with a soil-to-water ratio of 1:5. The indophenol blue colorimetric technique was
employed to determine the total nitrogen (TN) concentration in the soil samples. The total
phosphorus (TP) content in the soil samples was determined via the sodium hydroxide
fusion–molybdenum antimony colorimetric method. The flame photometry technique
was used to assess the available potassium (AK) concentration in the soil samples. The
0.5 mol·L−1 NaHCO3 extraction–molybdenum antimony colorimetric technique was used
to evaluate the available phosphorus (AP) concentration in the soil samples.

2.4. High-Throughput Sequencing

For the purpose of harvesting and sequencing DNA, the soil samples were transported
to Maggi Biomedical Technology Co., Ltd. (Shanghai, China) The purity of the isolated
genomic DNA was assessed via 1% agarose gel electrophoresis after the extraction process.
PCR detection was performed via a TransGen AP 221-02 and TransStart Fastpfu DNA
polymerase (MP Biomedicals, Irvine, CA, USA) in a 20 μL reaction. PCR was conducted
with an ABI GeneAmp® 9700 instrument (Illumina Inc., San Diego, CA, USA), which
utilizes particular primers that are synthesized with barcodes corresponding to the specified
sequencing areas. All the materials were processed via conventional experimental methods,
with three replicates per sample. The PCR products obtained from identical samples
were combined and subjected to analysis via 2% agarose gel electrophoresis. Following
Tris-HCl elution and the use of an AxyPrep DNA Gel Extraction Kit (AXYGE, Silicon
Valley, CA, USA), the PCR products were recovered and reassessed via 2% agarose gel
electrophoresis. A QuantiFluor™-ST Blue Fluorescence Quantification System (Promega,
Shanghai, China) was used to quantify the PCR products on the basis of the electrophoresis
results. The samples were subsequently mixed at the necessary ratios on the basis of the
sequencing volume specifications before Illumina sequencing was conducted. Illumina
sequencing produces paired-end (PE) reads, which are initially assembled via overlap
relationships. The quality of each sequence was subsequently evaluated and refined.
Operational taxonomic unit (OTU) clustering analysis and taxonomic categorization were
carried out following sample separation. Numerous diversity indices were examined,
and the sequencing depth was evaluated via the OTU data. In addition, the community
structure was subjected to statistical analysis at various taxonomic levels via categorization
information. On the basis of the aforementioned investigations, numerous comprehensive
statistical and visual analyses, multivariate analyses, and significance tests were carried
out on the phylogenetic data and community compositions of many samples.

2.5. Metabolomic Analysis

One gram of each soil sample was weighed, and 20 microliters of internal standard
and 1 milliliter of a solution containing 50% methanol were added. A centrifuge was used
to separate and collect the remaining liquid after sedimentation. The liquid above the
sediment was passed through a filter with a pore size of 0.22 μm via a sterile syringe. All
samples were stored at −80 ◦C for LC–MS analysis. The untargeted metabolomics analysis
in this experiment was carried out by employing an ultrahigh-performance liquid chro-
matography system (UHPLC-TOF MS) (Agilent Technologies Inc., CA, USA) for separation.
Instrument calibration was conducted as needed to ensure accurate mass spectrometry
data. The appropriate injection mode and injection volume were selected on the basis of
the sample properties and analytical requirements. The analysis was initiated, and the
instrument was controlled according to the preset conditions. After sample separation,
MS analysis was performed using an Agilent 6538 Ultra-High-Resolution Q-TOF (Jungkap
Park, Santa Clara, CA, USA) mass spectrometer in both positive and negative ion modes.
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The raw data were processed to extract metabolite information and convert it into an
analyzable format through baseline correction, peak alignment, peak identification, missing
value imputation, data filtering, and normalization. The techniques of partial least squares
discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) were employed to obtain insights into the variations in metabolites across
different groups. Metabolites that exhibited notable differences across groups were chosen
on the basis of variable importance in projection (VIP) values obtained from the OPLS-DA
in conjunction with a t-test (p < 0.05). The identified differentially abundant metabolites
were mapped to corresponding metabolic pathways via the KEGG database.

2.6. Data Analysis

SPSS 17.0 (IBM, Armonk, NY, USA) was used to analyze the heavy metal concentra-
tions, high-throughput sequencing, and soil physicochemical parameter data. To assess
group differences, one-way ANOVA and t-tests were employed. The transfer factor (TF)
was calculated as the aboveground Cd content/root Cd content [35].

3. Results

3.1. Effects of Brevibacillus sp. SR-9 on Hybrid Pennisetum Growth, Cd Content, and Cd
Accumulation under Cd-Induced Stress

As shown in Table 1, the biomass results of hybrid Pennisetum indicate that, compared
with those of the control group (CK), the biomass of the aerial parts increased by 12.08%,
and the root dry weight significantly increased by 27.03% (p < 0.01) in the group treated with
Brevibacillus sp. SR-9. These findings suggest that the introduction of Brevibacillus sp. SR-9
increased the ability of hybrid Pennisetum roots to withstand the presence of Cd. Compared
with that in the control group, which was not inoculated with Brevibacillus sp. SR-9, the
accumulation of Cd in the aerial portions and roots of hybrid Pennisetum increased by
21.16% and 15.50%, respectively, in the group treated with Brevibacillus sp. SR-9. Thus,
inoculation with Brevibacillus sp. SR-9 can increase Cd accumulation in various tissues
of hybrid Pennisetum. The transport coefficient increased from 0.14 to 0.16, representing
a 19.94% increase compared with that of the CK group. These findings indicate that
inoculation with Brevibacillus sp. SR-9 enhances the ability of the plant to transport heavy
metals from the soil into the plant, thereby increasing the remediation capacity of the plant.

Table 1. Effects of inoculation with Brevibacillus sp. SR-9 on biomass, Cd content, Cd accumulation,
and translocation factor (TF) in different parts of hybrid Pennisetum.

Group
Aboveground
Biomass (g)

Root Dry
Weight (g)

Aboveground
Cd Content

(mg/kg)

Root Cd
Content
(mg/kg)

Aboveground Cd
Accumulation (ug)

Root Cd
Accumulation

(ug)
TF

CK 5.38 ± 0.76 0.74 ± 0.19 2.38 ± 0.32 17.48 ± 2.98 13.23 ± 2.76 12.84 ± 4.30 0.14
SR-9 6.03 ± 0.50 0.94 ± 0.16 2.55 ± 0.61 15.68 ± 2.69 16.03 ± 2.88 14.83 ± 1.62 0.16

3.2. Effects of Brevibacillus sp. SR-9 on the Physicochemical Properties of Soil Contaminated
with Cd

Table 2 shows that, compared with those in the control group, the total nitrogen
content, total phosphorus content, available phosphorus content, and available potassium
content in the microbial treatment group significantly increased (p < 0.05) by 6.25%, 3.46%,
12.00%, and 2.49%, respectively, with the increase in available phosphorus being particularly
notable. Under the influence of Brevibacillus sp. SR-9, soil nutrients increased, leading to
increased growth of hybrid Pennisetum.

3.3. Impact of Brevibacillus sp. SR-9 on Soil Bacterial Communities

At the OTU level, diversity index analysis revealed that (Figure 1), compared with the
CK, the inclusion of Brevibacillus sp. SR-9 resulted in decreases in the ACE index, Chao1
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index, and Sobs index of 3.1%, 0.65%, and 1.4%, respectively. The application of microbial
therapy resulted in a decrease in the overall abundance of bacteria and caused changes
in the composition of the bacterial population. Nevertheless, there were no substantial
alterations in the Shannon or Simpson indices.

Table 2. Effects of inoculation with Brevibacillus sp. SR-9 on the physicochemical properties of hybrid
Pennisetum rhizosphere soil.

Group pH
Total Nitrogen

Content (mg/kg)
Total Phosphorus
Content (mg/kg)

Available Phosphorus
Content (mg/kg)

Available Potassium
Content (mg/kg)

CK 7.12 ± 0.10 1.76 ± 0.09 242.07 ± 8.08 0.025 ± 0.001 107.33 ± 2.17
SR-9 7.05 ± 0.05 1.87 ± 0.11 250.44 ± 15.04 0.028 ± 0.003 111.00 ± 2.74

Figure 1. Assessment of the bacterial community diversity in different samples. (A) Comparison of
the Chao index between groups, (B) comparison of the ACE index between groups, (C) comparison
of the coverage index between groups, (D) comparison of the Shannon index between groups,
(E) comparison of the Sobs index between groups, and (F) comparison of the Simpson index between
groups. Green indicates the CK group, and orange indicates the SR-9 group.

Venn diagram analysis revealed the differences in the OTU compositions and unique
species of rhizosphere soil bacterial communities under the different treatments. A total
of 15,123 bacterial OTUs were identified across both treatments, with 6545 OTUs shared
between them. The CK group had 1134 unique OTUs, accounting for 7.50% of the total
OTUs, whereas the microbial treatment group had 899 unique OTUs, representing 5.95%
of the total OTUs. As shown in Figure 2, PLS-DA analysis at the OTU level revealed that
the nonmicrobial treatment group and the microbial treatment group were positioned at
opposite sides of the plot, clustering separately. These findings indicate that there were
differences between the two treatment groups and the Brevibacillus sp. SR-9 treatment
altered the composition of the soil bacterial community.

On the basis of high-throughput sequencing of the soil bacterial 16S rDNA gene and
clustering at 97% similarity, a total of 39 phyla and 958 genera were identified. On the
basis of the phylum-level analysis (Figure 3A) of the microbial populations residing in the
rhizosphere of hybrid Pennisetum under various therapeutic regimens, the dominant phyla
were Actinobacteria, Proteobacteria, Acidobacteria, Chloroflexi, and Firmicutes. Together,
these phyla accounted for more than 80% of the total bacterial abundance in the samples.
In the CK treatment group, the relative abundances of the dominant phyla were 26.7% for
Actinobacteria, 24.9% for Proteobacteria, 15.5% for Acidobacteria, 11.3% for Chloroflexi,
and 4.5% for Firmicutes. In the microbial treatment group, the relative abundances were
27.7% for Actinobacteria, 24.4% for Proteobacteria, 15.2% for Acidobacteria, 11.2% for
Chloroflexi, and 4.7% for Firmicutes. Compared with the CK group, the microbial treatment
group presented a 1% increase in the relative abundance of Actinobacteria, whereas the
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relative abundance of Acidobacteria decreased by 0.3%. Furthermore, the abundance of
Proteobacteria was greater in the CK group than in the microbial treatment group. As
shown in Figure 3B, at the genus level, the four most dominant bacterial genera based
on relative abundance were Sphingomonas, RB41, Bacillus, and Gaiella. Compared with
that in the nonmicrobial treatment group, the relative abundance of the Bacillus genus in
hybrid Pennisetum rhizosphere soil increased by 0.3% with Brevibacillus sp. SR-9 treatment.
Compared with the microbial treatment group, the CK group presented a substantial
increase in the relative abundance of Sphingomonas, although the relative abundances of
RB41 and Gaiella did not significantly differ between the two groups. The differences
and changes in the phylum- and genus-level bacterial communities between the two
treatment groups indicate that inoculation with Brevibacillus sp. SR-9 affects the rhizosphere
microbial communities.

Figure 2. PLS-DA of the bacterial community composition.

Figure 3. The relative abundance of communities in different treatment groups at the phylum (A) and
genus (B) levels.

The symbiotic relationships between bacteria under the two different treatments were
explored via co-occurrence network analysis, resulting in a phylum-level co-occurrence
network diagram of the rhizosphere soil (Figure 4). The results reveal that the bacterial
co-occurrence networks differed between treatments. The CK group had 387 nodes and
5879 edges, whereas the microbial treatment group had 378 nodes and 9110 edges. The
average degree, network density, and clustering coefficient in the microbial treatment group
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were greater than those in the CK group. Nevertheless, the microbial treatment group
presented a reduced average network distance. Additionally, the microbial treatment group
had a lower modularity (0.277) than the CK group (0.353) (Table 3). These findings indicate
that the microbial treatment group had a more complex and compact bacterial network
than the CK group.

Figure 4. Co-occurrence patterns of bacterial community networks in the CK (A) and SR-9 (B) groups.
The figure is divided into 7 sections comprising the bacterial community networks under each
treatment group. Within each square, the groups and the top 7 significant bacterial communities of
the co-occurrence network are enumerated.

Table 3. Topological parameters of the microbial co-occurrence networks.

Group CK SR-9

Nodes 387 378
Edges 5879 9110

Positive correlation 3325 5248
Negative correlation 2554 3862

Average degree 30.3824 48.2011
Average weight degree 21.2292 33.9104

Average path length 1.5166 1.3958
Network diameter 2.6302 3.1889
Network density 0.0787 0.1279

Clustering coefficient 0.406 0.4906
Betweenness centralization 0.0079 0.0063

Redundancy analysis (RDA) was used to examine the relationships between the
physicochemical parameters of the soil in hybrid Pennisetum and the composition of the
bacterial population at the phylum level in the rhizosphere. As shown in Figure 5, the
results reveal that the soil physicochemical parameters accounted for 70.2% of the variance
in the organization of the bacterial population. The initial two principal components
explained 54.66% and 15.54% of the total variation, respectively. Among these factors,
pH, total nitrogen, available potassium, and available phosphorus were identified as
important factors influencing disparities in the hybrid Pennisetum microbial populations
present in the soil. Among the five most abundant microbial phyla in hybrid Pennisetum
soil, Acidobacteria was directly related to soil pH, while the remaining three phyla were
inversely related to the pH of the soil. Moreover, the presence of Actinobacteria was
positively correlated with total nitrogen, total phosphorus, and available phosphorus
in the soil. At the genus level, the soil physicochemical properties explained 54.86% of
the variation, with the first two canonical axes accounting for 38.49% and 16.37% of the
variance, respectively. The abundance of the Bacillus genus was directly related to the
available phosphorus, available potassium, and pH, but was negatively correlated with
the total nitrogen and total phosphorus. In contrast, Sphingomonas exhibited the opposite
pattern, with an inverse relationship with AP, AK, and pH and a positive correlation with
TN and TP.
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Figure 5. RDA ordination biplot between bacterial communities and environmental factors at the
phylum (A) and genus (B) levels.

3.4. Impact of Brevibacillus sp. SR-9 on Metabolic Functions

To investigate the impact of Brevibacillus sp. SR-9 inoculation on the metabolic profiles
of hybrid Pennisetum rhizosphere soil under Cd stress, PLS-DA and OPLS-DA score
analyses were performed, with 200-cycle cross-validation to assess the model stability.
As shown in Figure 6, in both the cationic and anionic modes, the soil samples from the
microbial treatment group and the nonmicrobial treatment group were well separated,
indicating that there were differences in the soil metabolites between the two treatments.
These findings suggest that Brevibacillus sp. SR-9 inoculation affects the rhizosphere soil
metabolite profile. Selected sample cross-validation revealed that the R²Y values of the
original model in both the cationic and anionic modes were close to 1, indicating that the
model accurately represented the sample data. The Q² value of approximately 0.5 suggests
a clear differentiation between the two sample groups. Additionally, the intercept of the Q
regression line with the y-axis below zero reflects the model’s stability, as shown in Figure 7.

Figure 6. PLS-DA analysis chart of cationic (A) and anionic (B) metabolites in the rhizosphere soil of
hybrid Pennisetum.

A total of 613 metabolites were detected across both sample groups, with 299 metabo-
lites common to both groups. The CK samples contained 306 metabolites, whereas the
microbial treatment samples contained 307 metabolites. A volcano plot of the 613 metabo-
lites was created (Figure 8). In the plot, each point represents a metabolite, with larger
scatter points indicating higher VIP values. This means that metabolites with larger scatter
points are considered more reliably differentially abundant. To further identify differ-
ences in metabolites between the microbial treatment and control soils, OPLS-DA was
performed with the criteria of p < 0.05 and VIP > 1. The results revealed 59 differentially
abundant metabolites (p < 0.05), with the abundance of 14 metabolites increasing and the
abundance of 45 metabolites decreasing in the microbial treatment group. These differen-
tially abundant metabolites include petasitenine, 8,13-dihydroxy-9,11-octadecadienoic acid,
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3-hydroxy-10′-apo-b,y-carotenal, and hypoxanthine. The metabolites whose abundance
increased included 3-hydroxy-10′-apo-b, y-carotenal, petasitenine, and margaroylglycine.
This indicates that inoculation with Brevibacillus sp. SR-9 affects the differential abundance
of metabolites present in the rhizosphere soil of hybrid Pennisetum under the influence of
Cd-induced stress.

Figure 7. Permutation test of OPLS-DA models in the CK group (A) and Brevibacillus sp. SR-9
(B) group. The abscissa represents the displacement retention of the displacement test, the ordinate
represents the values of the R2 (dot) and Q2 (triangular) displacement tests, and the two dotted lines
represent the regression lines of R2 and Q2.

Figure 8. Volcano plot showing differentially abundant metabolites between groups. Each dot in the
graph represents a specific metabolite, and the size of the dot represents the VIP value. The default red
dots indicate the metabolites with significantly increased abundance, whereas the blue dots indicate
the metabolites with significantly decreased abundance. The gray dots indicate nonsignificantly
differentially abundant metabolites.

To further understand the effects of Brevibacillus sp. SR-9 on metabolites in hybrid
Pennisetum soil and explore the mechanisms behind metabolite changes, a KEGG pathway
enrichment analysis was conducted on the selected differentially abundant metabolites.
On the basis of the KEGG database, the KEGG IDs of the differentially abundant metabo-
lites were used to obtain pathway enrichment results. Pathways significantly enriched
among the differentially expressed metabolites were identified via hypergeometric test-
ing. This technique facilitated the investigation of metabolic pathway enrichment for
the differentially abundant metabolites. The analysis identified three main pathways:
environmental information processing, human diseases, and metabolism. Among these,
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the metabolism category had the most enriched pathways. The main pathways included
lipid metabolism, metabolism of cofactors and vitamins, metabolism of other amino acids,
nucleotide metabolism, and terpenoid and polyketide metabolism. The metabolic path-
way bubble plot (Figure 9) revealed that the pathways significantly enriched in differ-
entially abundant metabolites were the folate resistance pathway, the ABC transporter
pathway, d-glutamine and d-glutamic acid metabolism, purine metabolism, and pyrimidine
metabolism (p < 0.05). Notably, the purine metabolism and pyrimidine metabolism path-
ways were enriched in a greater number of metabolites. These pathways play important
physiological roles in plant stress responses.

Figure 9. Bubble map of the KEGG enrichment analysis results. The size of the bubble in the figure
represents the number of differentially abundant metabolites that were enriched in that pathway, and
the color of the bubble represents the size of the p-value of different enriched pathways.

To investigate the correlation between differentially abundant metabolites and soil
nutrients, a correlation analysis was conducted between the physicochemical properties
of hybrid Pennisetum rhizosphere soil and the metabolites whose abundances increased
in both groups (Figure 10). The results indicate that the abundances of MG (0:0/16:0/0:0)
and Cis-4-hydroxycyclohexylacetic acid were positively correlated with the available potas-
sium. Moreover, the abundance of methyl dihydrojasmonate was significantly positively
correlated with the available phosphorus. The abundance of propofol glucuronide and
kiwiionoside was significantly negatively correlated with soil pH.

3.5. Correlation Analysis

Brevibacillus sp. SR-9 altered both the composition and concentration of metabolites in
the rhizosphere and affected the abundances of certain rhizosphere bacterial species. Corre-
lation analysis between the differentially abundant metabolites and the abundance of rhizo-
sphere bacteria revealed which bacterial populations were influenced by the differentially
abundant metabolites. Spearman correlation analysis was used to examine the relationships
between bacterial communities and differentially abundant metabolites (Figure 11), and
the findings revealed a substantial positive correlation between Subgroup_10 and C17
sphinganine (p = 0.036), with a correlation coefficient of 0.74. Sphingomonas was also
significantly positively correlated with 3,4,5-trihydroxy-6-(8-hydroxy-2-oxo-2H-furo[2,3-h]
chromen-4-yl}oxy)oxane-2-carboxylic acid (p = 0.02), with a 0.79 correlation coefficient.
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Figure 10. Correlation analysis diagram of the differentially abundant metabolites and soil physico-
chemical properties of hybrid Pennisetum. The abscissa shows the physical and chemical properties
of the soil, the ordinate shows the metabolites whose abundances increased, and a larger circle size
and deeper color indicate higher values. * Indicates significance.

Figure 11. Correlation analysis of the differentially abundant metabolites and bacterial communities
in hybrid Pennisetum. The abscissa represents the bacterial community at the genus level, and the
ordinate represents the top 20 differentially abundant metabolites, and a larger circle size and deeper
color indicate higher values.

Sphingomonas was significantly negatively correlated with Cis-4-hydroxycyclohexylacetic
acid (p = 0.01), with a correlation coefficient of -0.83. At the genus level, Bacillus was
primarily positively correlated with farnesyl acetone, hypoxanthine, and C17 sphinga-
nine. Additionally, the effects of various bacterial populations and metabolites on hybrid
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Pennisetum growth indices, Cd accumulation, and soil physicochemical parameters were
analyzed via linear regression and Mantel testing (Figure 12). The findings indicate that the
abundance of Sphingomonas is positively correlated with the Cd content in the aboveground
part (r = 0.52, p = 0.05) and with the DTPA-Cd content (r = 0.91, p = 0.03). The abundance
of 3-hydroxy-10′-apo-b,y-carotenal was positively correlated with the belowground dry
weight (r = 0.42, p = 0.01), the Cd content in the aboveground part(r = 0.76, p = 0.04),
and the DTPA-Cd content (r = 0.59, p = 0.05). The abundance of 8,13-dihydroxy-9,11-
octadecadienoic acid was positively correlated with the Cd content in the aboveground
part (r = 0.56, p = 0.03) and exhibited a substantial positive association with the DTPA-Cd
content (r = 0.97, p = 0.008).

Figure 12. Relationships between hybrid Pennisetum growth indices and soil physicochemical
properties, bacterial communities, and differentially abundant metabolites. Hybrid Pennisetum
growth indices are shown in a butterfly plot, and the physicochemical properties of the soil and
bacterial communities and differentially abundant metabolites are shown on the right.

4. Discussion

Hybrid Pennisetum is a nonfood energy crop with high biomass potential that shows
promise for soil heavy metal pollution remediation in China [11]. Nevertheless, when
subjected to intense heavy metal pressure, the biomass of hybrid Pennisetum diminishes, re-
sulting in decelerated development and diminished effectiveness in remediation [36]. PGPB
significantly affect soil remediation by secreting metabolites such as IAA, siderophores, en-
zymes, and organic acids. These substances promote plant growth and increase the ability
of plants to accumulate heavy metals [37]. Bacillus is an important PGPB. Shah [38] reported
that treating tomatoes with Bacillus can improve seed germination rates, seedling vigor, and
several growth characteristics, including plant height, root length, and fresh weight. In this
study, Brevibacillus sp. SR-9 was inoculated into soil with a Cd concentration of 20 mg/kg,
and a pot cultivation experiment was conducted with hybrid Pennisetum. The findings
demonstrate that the introduction of Brevibacillus sp. SR-9 resulted in a 12.08% increase in
the aboveground biomass of hybrid Pennisetum, thus facilitating its development. Studies
such as showing that Pseudomonas aeruginosa CPSB1 promotes wheat growth under Cd
stress [37] and showing that SaMR12 increases Cd accumulation in Sedum alfredii report
similar findings to those of this experiment [39]. This result may be related to the IAA
and siderophores secreted by Brevibacillus sp. SR-9. For example, siderophores produced
by Streptomyces tendae significantly increase the growth of sunflowers (Helianthus annuus)
and their uptake of Fe and Cd [40]. Ma et al. [41] reported that siderophores produced
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by Bacillus pumilus E2S2, which was isolated from Sedum plumbizincicola, increased the
growth of the host plant. Chen et al. [42] demonstrated that under Cd treatment, inocula-
tion with SaMR12 enhanced the tolerance of Sedum alfredii to Cd, mitigated Cd-induced
oxidative stress, and thus promoted plant growth and increased Cd absorption. These
conclusions align with the outcomes of this investigation. The concentrations of Cd in
the aboveground portions and roots increased by 21.16% and 15.50%, respectively. The
translocation factor increased by 19.94% compared with that of the noninoculated group.
These findings indicate that inoculation with Brevibacillus sp. SR-9 promotes the prolifera-
tion of hybrid Pennisetum, effectively alleviates Cd stress, and enhances plant remediation
efficiency. According to Wu et al. [13], the presence of Bacillus BM18-2 resulted in an 83.1%
increase in the biomass of hybrid Pennisetum and a 28.6% increase in Cd accumulation.
Moreira et al. [43] reported that inoculation with Ralstonia eutropha and Chryseobacterium
humi increased Cd accumulation in maize (Zea mays) roots by 18.6%. Moreover, heavy
metal accumulation in soil leads to alterations in its physicochemical characteristics, which
in turn affect the forms of heavy metals. These changes in metal forms determine their
mobility and bioavailability [44]. Sofia Houida et al. [45] reported that introducing PGPB
into soil had a substantial positive effect on plant development and resulted in increased
levels of nitrogen, phosphate, and potassium. These findings suggested that these bacteria
increase the availability of nutrients in the soil. Similarly, this study revealed that the
introduction of Brevibacillus sp. SR-9 resulted in a 6.25% increase in the overall nitrogen
content of the soil, a 3.46% increase in its overall phosphorus content, a 12.00% increase in
its available phosphorus content, and a 2.49% increase in its available potassium content.
These findings suggest that the Brevibacillus sp. SR-9 strain can increase plant nutrient
uptake by secreting beneficial substances or converting less accessible soil components into
forms that plants can absorb, thereby increasing the utilization of diverse nutrients [46,47].

The introduction of PGPB into the rhizosphere has dual effects: it directly influences
plants and has an impact on the microbial population in the soil around roots [48]. The in-
troduction of PGPB by inoculation can increase plant growth and enhance the effectiveness
of remediation by changing the bacterial composition in the rhizosphere [49]. α diversity
is a key indicator reflecting the diversity and abundance of bacterial populations [50].
In this study, the richness of rhizosphere soil bacteria decreased after inoculation with
PGPB. This outcome aligns with the findings of Pongsilp [51], possibly because inocu-
lation with plant growth-promoting microorganisms lowered the soil pH and increased
the total nitrogen content [3]. This study employed partial least squares discriminant
analysis (PLS-DA) at the operational taxonomic unit (OTU) level and revealed that the
introduction of Brevibacillus sp. SR-9 affected the structure of the soil microbial community.
This result is similar to those of Pongsilp et al. [51] and may be due to the properties of
Brevibacillus sp. SR-9, such as the ability to secrete IAA, siderophores, and phosphate
solubilizers, along with its heavy metal resistance, which allows for it to effectively colonize
the rhizosphere and impact the composition of microorganisms in the rhizosphere of hybrid
Pennisetum. It is also possible that soil microorganisms compete with exogenous PGPB for
nutrients and ecological niches, leading to changes in the bacterial community structure.
Habibollahi et al. [52] reported that the dominant phyla within soils polluted with high
concentrations of metallic elements included Proteobacteria, Actinobacteria, Acidobacteria,
and Bacteroidetes. Similarly, our high-throughput sequencing results revealed that at the
phylum level, the predominant bacterial phyla in the rhizosphere soil of hybrid Pennisetum
were Actinobacteria, Proteobacteria, and Acidobacteria. Notably, after SR-9 inoculation, the
relative abundance of Proteobacteria significantly increased. Proteobacteria, a dominant
bacterial phylum, includes groups such as the chemolithotrophic Acidithiobacillus species
involved in the soil iron and sulfur cycles. These groups can survive under heavy metal
contamination and enhance Cd chelation and precipitation through processes such as iron
oxidation, thereby reducing the movement of heavy metals in soil and reducing the harmful
effects of Cd on plants [53]. Additionally, Proteobacteria are closely linked to carbon and
nitrogen cycles, which increase soil fertility in the plant rhizosphere and provide plants
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with essential nutrients. Acidobacteria are associated mainly with soil metal speciation and
mineral weathering. This group, which is often acidophilic, can lead to soil acidification
and aggregation issues, reflecting its role in altering soil conditions [54]. In this study,
the reduction in Acidobacteria by 0.3% after Brevibacillus sp. SR-9 inoculation suggested
that the strain may lower the bioavailability of Cd in the soil. Indeed, Acidobacteria may
serve as an important indicator of Cd bioavailability in Cd-contaminated soils of hybrid
Pennisetum. Studies have also confirmed that Actinobacteria, among other phyla, are
typically among the most abundant phyla in soil and are also known to be resistant to
heavy metals [55]. At the genus level, the most prevalent genera were Sphingomonas, RB41,
Bacillus, and Gaiella. Chen et al. reported that Sphingomonas SaMR12 significantly increased
the uptake of Cd by Sedum alfredii [56]. Additionally, Bacillus spp. produce various antibi-
otics, including bacillomycin, bacilysin, and mycosubtilin, which inhibit pathogens and
are well documented for their heavy metal resistance, typically present in soils that are
polluted with various heavy metals [57,58]. Co-occurrence network analysis of microbial
community members reveals the interactions between different taxa, elucidates network
characteristics, and identifies key taxa that play significant roles in community interactions
and organization. This approach has been widely used to explore complex interaction net-
works and ecological rules in microbial communities across various environments [59,60].
In a co-occurrence network, the clustering coefficient measures the level of clustering within
a network’s nodes, reflecting how nodes tend to form clusters within the network. The
average path length is the count of edges in the shortest path connecting any two nodes in
the network, indicating the level of distance between nodes [61]. Modularity measures the
degree of modularity within a network, indicating that species within the same module
interact more frequently with each other than with species in different modules [62,63].
This study revealed that although the modularity index decreased after treatment, the
mean network distance decreased, and the clustering coefficient increased, suggesting that
bacterial injection improved the diversity of the soil microbial community. Therefore, the ar-
rangement of bacterial communities in rhizosphere soil is characterized by distinct modules
rather than being haphazard [64]. Soil physicochemical conditions significantly influence
microbial community composition, with the adaptability of microorganisms to these factors
determining their community structure [65]. This study revealed that pH, total nitrogen,
available potassium, and available phosphorus were important factors influencing the
differences in the bacterial community composition in the soil of Leymus chinensis. The
Actinobacteria phylum and Bacillus genus are related to soil physicochemical properties.
PGPB stimulate the activation and increase the availability of soil mineral nutrients, thus
facilitating plant development.

Root rhizosphere metabolomics is a recent high-throughput omics screening technique
focused on rhizosphere metabolites. This study explored the relationships between rhizo-
sphere metabolites and crop physiology–soil nutrient changes, revealing the physiological
and ecological functions within the system. This approach has been widely applied in micro-
biological research and other fields [66]. Rhizosphere soil metabolites are a range of organic
and inorganic compounds, as well as signaling molecules, that are secreted by both plant
roots and soil microorganisms during plant–soil interactions. These metabolites include
primary and secondary metabolites derived from various photosynthetic products [67].
LC–MS analysis was conducted to investigate the differential changes in rhizosphere soil
metabolites of Artemisia argyi following treatment with Brevibacillus sp. SR-9. OPLS-DA
revealed 59 differentially abundant metabolites, with 14 showing increased abundance
and 45 showing decreased abundance. These results suggest that the introduction of the
PGPB Brevibacillus sp. SR-9 affected the composition of metabolites in the rhizosphere soil,
which led to changes in microbial activity. This, in turn, alleviated Cd stress and promoted
the growth of Artemisia argyi. This outcome aligns with the discoveries made by Zuluaga
et al. [26]. According to Wang et al. [68], Cd treatment has a considerable effect on the
expression levels of many metabolites associated with amino acid, lipid, carbohydrate, and
nucleotide metabolism. These changes are attributed to the plant’s response to Cd stress,
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in which it produces and regulates key metabolites such as carbohydrates, amino acids,
and lipids to maintain cellular homeostasis. Similarly, in this study, after Brevibacillus sp.
SR-9 treatment, the metabolites whose abundance increased included mainly lipids, amino
acids, carbohydrates, organic acids, flavonoids, and other metabolites. Among these, car-
bohydrates serve as mediators of the mutualistic association between crops and PGPB,
playing a role in the regulatory processes of PGPBin plants [69]. Flavonoids derived from
plants have the ability to impede free radical reactions and diminish oxidative stress [70].
Lipid compounds may delay leaf senescence in plants [71]. Tan et al. [72] reported that
in the presence of Cd stress, amino acids and their derivatives have the ability to create
compounds with heavy metal ions by utilizing their carboxyl and amino groups. This
process ultimately enhances the ability of plants to withstand the harmful effects of heavy
metals. In addition, organic acids can modify the chemical structure of heavy metals, hence
decreasing their level of toxicity [73]. The KEGG enrichment analysis identified many path-
ways that showed substantial enrichment in the differentially abundant metabolites. These
pathways include the folate resistance pathway, the ABC transporter pathway, d-glutamine
and d-glutamic acid metabolism, purine metabolism, and pyrimidine metabolism. Plants
rely on purine and pyrimidine nucleotides for a wide range of metabolic reactions. They
play crucial roles in nucleic acid production, function as energy sources, and serve as
building blocks for the production of fundamental substances such as sucrose, polysac-
charides, and phospholipids, as well as secondary compounds [74]. Hence, the process of
creating and breaking down nucleotides is vital for the growth and development of plants.
Research has confirmed that ABC transporters play essential roles in plant heavy metal
detoxification. For example, ABC transporters can increase the resistance of black wheat
by transporting PC-Cd or GSH-Cd from the cytoplasm to the vacuole, thereby facilitating
detoxification. Additionally, ABC transporters can export intracellular Cd across mem-
branes to the extracellular space, thus increasing plant tolerance to Cd [75]. The study also
revealed that differentially abundant metabolites such as alkaloids, organic acids, lipids,
and lipid-like molecules were positively correlated with the available potassium, available
phosphorus, total phosphorus, and total nitrogen. This may be because the root-secreted
metabolites affect the soil nutrient composition, which in turn impacts plant growth. The
composition and concentration of rhizosphere metabolites can alter the structure of the
rhizosphere microbial community. Changes in microbial community structure imply shifts
in microbial community functions, which can have an impact on the development of plants.
These findings indicate that after immunization with Brevibacillus sp. SR-9, soil metabolites
not only directly or indirectly provide nutrients to hybrid Pennisetum but also indirectly
govern the community and organization of microorganisms in the rhizosphere. This regu-
lation, in turn, affects hybrid Pennisetum growth and ultimately alleviates Cd stress. Soil
metabolites serve as a reflection of changes in soil microbial communities, as alterations at
the organismal and enzymatic levels manifest as modified metabolite profiles [76]. Under
external pressures, plants drive the adjustment of microbial distribution to ensure optimal
metabolic activity [77]. Therefore, metabolic communication is a crucial mechanism for
plant–microbe interactions [68].

5. Conclusions

This work revealed that inoculating hybrid Pennisetum with the PGPB Brevibacillus sp.
SR-9 greatly altered the bacterial composition and absorption of Cd and reduced the content
of Cd in the soil. The contents of total nitrogen, total phosphorus, available phosphorus, and
available potassium in the soil increased, alleviating Cd stress and thereby promoting the
formation and proliferation of hybrid Pennisetum biomass to a certain degree. Moreover,
the Brevibacillus sp. SR-9 strain altered the composition of the bacterial population in
the root soil under Cd stress, affecting the proportions of Actinobacteria, Proteobacteria,
Acidobacteria, Planctomycetes, and Bacilli and increasing the relative abundance of bacterial
genera in the root soil of hybrid Pennisetum. Furthermore, following the introduction of the
Brevibacillus sp. SR-9 strain, there was a noticeable alteration in the proportion of metabolites
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present in the soil samples. This shift had an impact on many metabolic pathways, including
the folate resistance pathway, the ABC transporter pathway, d-glutamine and d-glutamate
metabolism, purine metabolism, and pyrimidine metabolism. This, in turn, increased the
ability of hybrid Pennisetum to respond to Cd stress. This study deepens our understanding
of the biochemical processes occurring in the rhizosphere and presents novel opportunities
for the using microorganisms to assist plants in restoring soils polluted with heavy metals.
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Abstract: Methane produced from paddy fields has a negative impact on global climate change.
However, the role of soil bacterial community composition in mediating methane (CH4) emission
from waterlogged paddy soil using the column experiment is poorly known. In the present study,
various fertilization treatments were adopted to investigate the effects of fertilizer reduction combined
with organic materials (CK: control; CF: conventional fertilization; RF: 20% fertilizer reduction; RFWS:
RF plus wheat straw amendment; RFRS: RF plus rapeseed shell amendment; RFAS: RF plus astragalus
smicus amendment) on CH4 emission and soil bacterial community during an 85-day leaching
experiment. We hypothesized that the fertilizer reduction plus the organic materials could enrich the
bacterial communities and increase CH4 emission. The average CH4 flux varied from 0.03 μg m−2 h−1

to 76.19 μg m−2 h−1 among all treatments in the nine sampling times, which may account for the
experimental conditions such as air temperature, moisture, and anthropogenic factors. In addition,
high-throughput sequencing was utilized to investigate the alteration of the soil bacterial community
structure. It was revealed that the diversity and composition of the bacterial community in the topsoil
amended with organic materials underwent significant shifts after the 85-day leaching experiment.
Proteobacteria was identified as the dominant phylum of the soil bacteria, with an average proportion of
35.2%. For Firmicutes, the proportion of RFRS (11%) was higher than that in the CK (8%), RF (8%), RFWS
(7%), RFAS (6%), and CF (5%) treatments. Additionally, Gammaproteobacteria and Alphaproteobateria
were supposed to be the major class bacterial communities, with average proportions of 12.8% and
12.2%, respectively. For the RFWS treatment, the contribution of Alphaproteobateria was the highest
among all the bacterial relative abundance. According to the correlation heatmap analysis, the
top ten bacterial communities were positively related to soil microbial biomass carbon (MBC) and
ammonia nitrogen (NH4

+-N) (p < 0.01). The findings also indicated that the RFRS treatment was the
favorable management to alleviate CH4 emission during an 85-day leaching experiment or possibly in
paddy production. Collectively, these results predict that the impacts of different treatments on CH4

production are strongly driven by soil microbial communities and soil properties, with soil bacteria
being more prone to the crop residue degradation stage and more sensitive to soil properties. The
discoveries presented in this study will be useful for assessing the efficacy and mechanisms of organic
material amendments on CH4 emissions in paddy soil.

Keywords: fertilizer reduction; organic materials; methane; bacterial community; leaching

1. Introduction

Rice (Oryza saliva) is one of the most important grain crops in the world and is consid-
ered a staple food by 40% of the world’s population. Meanwhile, previous investigations
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reported that the demand for rice will be expected to increase by 24% over the next
20 years [1,2]. As is well known, CH4 ranks second to carbon dioxide (CO2) in terms of
global warming potential, with a 25-fold higher warming potential over a 100-year time
span [3]. CH4 emissions in agricultural activities in China amounted to 22,245 Gg in 2014,
of which 40.1% originated from paddy fields [4]. Hence, to mitigate climate change, alterna-
tive agricultural practices need to be developed to curtail CH4 emissions from rice paddies.
Excessive utilization of chemical fertilizers and intensive cultivation can result in the loss
of soil organic carbon (SOC) and the decline of nitrogen (N) use efficiency in croplands [5].
In recent years, scientists have utilized a series of agricultural practices such as irrigation
regime, straw mulching and fertilizer reduction in rice production to mitigate methane
emissions [6–8]. Crop residue incorporation, which is a potential alternative to agricultural
management, has great positive environmental benefits, such as increasing soil fertility and
crop yield [9], and decreasing chemical fertilizer application and air pollution from crop
residue burning [10]. Additionally, straw incorporation combined with reduced chemical
fertilizer can enhance N immobilization and decrease the soil oxygen and OC substrate
sources for methanogens, resulting in an increase in CH4 emission in rice paddies [11–13].
Previous observations indicated that the impact of straw return on soil microbial commu-
nities may also be attributed to differences in straw application rates, durations, fertilizer
management, and other factors [14,15]. The chemical structure of different crop residues
changes during decomposition, which in turn affects the decomposability of the remaining
residues [16]. Therefore, the origins, types, and amounts of organic materials can play
various roles in regulating soil characteristics and bacterial communities, thereby resulting
in the difference in CH4 emission rates in paddy soil. Consequently, further analysis is
needed to understand how fertilizer reduction combined with organic materials on CH4
emission and soil bacterial effects in long-term leaching experiments.

Generally, CH4 emission from paddy soil involves three components: production,
oxidation and transportation, which are dominated by soil microbial processes, includ-
ing its production in flooded soil anaerobic conditions by methanogens and consumption
(oxidation) in aerobic microsites by methanotrophs [17,18]. Previous studies also indicated
methanogens are distributed among the seven orders of Euryarchaeota: Methanosarcinales,
Methanobacteriales, Methanomicrobiales, Methanococcales, Methanopyrales, Methanocellales and
Methanoplasmatales [19]. Therefore, key factors such as soil C/N and oxygen concentration,
which regulate the ratio of methanogens to methanotrophs will ultimately determine the CH4
emissions typically passing through a particular pathway from production in aerobic soil
layers into the atmosphere [20]. Investigations indicated that CH4 is produced by the
decomposition of organic carbon in anaerobic soils or sediments [21]. The areas of bulk
density, specific surface area and microhabitat of microbial organisms may be improved
when straw returned to farmlands, resulting in the variations of CH4 emissions fluxes.
Straw incorporation with reduced chemical fertilizers also regulated the methanogenic and
methanotrophic community structure. Previous investigations showed that straw retention
and chemical fertilizer reduction changed methanogenic and methanotrophic community
structure, meanwhile, increasing the relative abundance of Methyloaracoccus (a dominant
genus of methanotrophs) from 0.02% to 61.8% [8,22]. Moreover, straw incorporation might
accelerate the propagation of methanotrophs and improve CH4 oxidation potential by in-
fluencing soil aeration and soil microorganism habitat [23]. Researchers also revealed that
various carbon sources from organic fertilizer application might regulate CH4 production
by affecting the abundance of Methanosarcinales and Methanobacteriales [24,25]. Hereof, the
effect of soil bacterial community on CH4 production should be clarified in waterlogged
paddy soil with fertilizer reduction plus organic material amendment.

However, the influences of diverse organic materials on soil bacterial communities
and CH4 emissions via soil column leaching simulation tests have received scant coverage.
Herein, we postulated that the changes in soil physicochemical conditions (e.g., soil nutri-
ents, aeration, and texture conditions) resulting from straw amendments might mediate
the methane oxidation potential and community structure of methanotrophs in paddy
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field ecosystems. A long-term column leaching experiment was performed under fertilizer
reduction in combination with various organic matters. The main objectives of the present
study were to address the following questions: (1) Do fertilizer regimes stimulate flux?
(2) How do fertilizer regimes change soil (0–10 cm) bacterial community and structure?
(3) What are the potential microbial drivers of CH4 emission over the course of an 85-day
leaching experiment? The results obtained in the presented study may provide a new
cognition on the effects of optimizing fertilization regimes on CH4 emissions mechanisms
and management strategies in rice production.

2. Materials and Methods

2.1. Design of Soil Column Leaching Experiment

Soil used in this study was taken from Xinji County, Hanzhong City, Shaanxi Province
(33◦0′16′′ N, 108◦48′44′′ E), with a type of loggotrophic paddy soil and a texture of clayey
soil. The conditions of irrigation and drainage were controlled by 10~30 mm thin water
layer on the surface in the greening period, and the soil moisture in the root layer accounted
for 60~80% of the field water capacity in the other growth periods. Organic materials
including WS (Wheat Straw), RS (Rapeseed Shell) and AS (Astragalus Smicus) were also
sampled, and then air-dried and crushed for further use. The total C, N, and P proportions
of WS, RS, and AS were measured by Element Analyzer (Unicube, Elementar, Hanau,
Germany) in dry weight (Table S1). Moreover, the materials and functional groups analysis
of WS, RS and AS were employed by flourier transform infrared spectrometer (FTIR). The
organic materials were dried to a constant weight at 60 ◦C and subsequently crushed using
a 100-mesh sieve. Take a small amount (about 1–2 mg) of the sample and grind it into a fine
powder using an agate mortar and pestle. Weigh out about 100 mg of potassium bromide
(KBr) powder, which is infrared transparent and grind this in a separate agate mortar and
pestle, and finally subjected to scanning at the specified wavelength of 4000–400 cm−1. A
resolution between 4 cm−1 and 8 cm−1 is sufficient for most applications and the number
of scans can vary from 16 to 128, depending on the noise level that can be tolerated and the
time available. The main functional groups, such as oxhydryl, carbonyl, alkyl, and sulfonyl
were generally identified by the absorbance peaks at 3200–3600 cm−1, 1650–1820 cm−1,
2850–2960 cm−1, and 1000–1400 cm−1, respectively [26].

Soil column leaching experiments were adopted to explore the environmental im-
plication of organic materials amendment in waterlogged paddy soil, in the Yangling,
Shaanxi Province (34◦15′ N, 108◦34′ E). Soils in columns were collected in 0–40 cm soil
layers every 10 cm (0–10, 10–20, 20–30, and 30–40 cm, respectively), which were dominated
by a cultivation system of wheat–rice regime. The physicochemical characteristics of soils
in the present study are shown in Table 1. SOC contents were determined by the K2Cr2O7
oxidation-FeSO4 titration method. Soil samples were extracted by 1 M NH4Ac four times,
and then titrated with standard solution of hydrochloric acid (HCl), calculating the CEC
value basied on dosage of HCl finally. Soil pH was determined with a pH meter (PB-10,
Sartorius, Gottingen, Germany) in a soil:water solution (1:2.5, w:v). Total N was measured
by an alkaline hydrolysis diffusion approach, available P was determined by a molybde-
num blue colorimetric technique, and available K was quantified by flame photometry. The
soil was extracted in 1 M NH4Ac (pH 7.0), in accordance with the methods detailed in our
previous study [27]. Additionally, the dissolved organic carbon (DOC) released from soil
(0–10 cm) was determined by TOC analyzer (TOC-L CPH, Shimadzu, Kyoto, Japan) (Table
S4) after leaching experiment. The excitation-emission matrices (EEMs) analysis of soil
DOC samples was simultaneously processed by a fluorescent spectrometer (Lengguang
Tech., F97, Shanghai, China), with emission (Em) wavelength 250–550 nm, excitation (Ex)
wavelength 200–500 nm and increment of 5 nm, respectively. The bandwidths of Ex and
Em were 10 nm, and the scanning speed was 6000 nm min−1. Additionally, the fluorescent
indices, including FI (the ratio of the fluorescence intensity at Em 450 nm and 500 nm, and
at Ex 370 nm) [28], HIX (the ratio of the integral area over Em 435–480 nm to 300–345 nm,
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at Ex 254 nm) [29] and BIX (the ratio of fluorescence intensity at Em 380 nm and 430 nm,
and at Ex 310 nm) [30] were also calculated in our work.

Table 1. Physicochemical properties of soils used vertically (0–40 cm) in this study.

Depth (cm) pH SOM (g kg−1) AK (mg kg−1) AP (mg kg−1) CEC (cmol kg−1) TN (g kg−1)

10 7.38 ± 0.21 b 32.22 ± 0.44 a 130.40 ± 1.21 a 20.12 ± 0.61 a 18.60 ± 0.22 a 1.21 ± 0.10 a
20 7.59 ± 0.11 ab 24.58 ± 0.51 b 59.10 ± 4.21 b 13.80 ± 1.81 b 20.18 ± 2.81 a 1.24 ± 0.17 a
30 7.63 ± 0.02 a 10.97 ± 1.09 c 39.61 ± 1.10 c 7.55 ± 0.37 c 19.87 ± 3.61 a 0.39 ± 0.05 b
40 7.72 ± 0.03 a 6.53 ± 0.41 d 38.23 ± 1.11 c 5.66 ± 0.32 c 18.31 ± 1.31 a 0.26 ± 0.03 b

Notes: SOM: Soil organic matter; AP: Available potassium; AP: Available phosphorus; CEC: cation exchange
capacity; TN: Total nitrogen. Data (means ± SD, n = 3) followed by different letters indicate significant differences
among soil depths at p < 0.05.

According to the bulk density of soil in the four layers, about 1000 g air-dried soil was
filled in soil every 10 cm column (Figure 1B). Moreover, 0–10 cm soil layers were identified
as different treatments (i.e., CK: control treatment without organic material and fertilizer;
CF: conventional fertilization; RF: 20% fertilizer reduction compared with CF; RFWS: RF
plus wheat straw amendment; RFRS: RF plus rapeseed shell amendment; RFAS: RF plus
astragalus smicus amendment). Each treatment was repeated three times and eighteen
soil columns were conducted in this study. The inputs of fertilizer application and organic
materials were consistent with our previous study [31]. The amounts of WS, RS, and AS
applications were 3.93 g, 2.36 g, and 2.36 g per column in topsoil (0–10 cm), which were
converted by the amount of field fertilizer (Table S2). Approximately 1.5 L deionized water
was used to stabilize column for three days and saturate soil before leaching experiment.
The leaching experiment begins when the soil water content was 70% of field water capacity
(FWC), and the approximate 1 cm high overlying water maintained over the course of a
70-day leaching experiment. The leachate of the four depths was artificially collected by
latex tubing (10 cm length) and plastic bottle (25 mL) under natural conditions. Additionally,
the DOC, nitrate nitrogen (NO3-N), NH4

+-N, and total phosphorus (TP) concentrations
have significant differences in different sampling depths. The surface water and leachate
samples were collected after gas collection and the amounts of samples were approximately
15 mL for further detection every sampling time.

Figure 1. Schematic diagram of leaching experiment ((A) Organic materials: wheat straw, rapeseed
shell, astragalus smicus; (B) Leaching column; (C) Column-shaped static chamber).
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2.2. Collections and Detections of the CH4 Fluxes

To facilitate the collection of gas samples, a cylindrical sampling chamber (20 cm × 10 cm)
was utilized to sample methane gas on the 1st, 3rd, 6th, 10th, 15th, 25th, 40th, 60th, and
85th days (Figure 1C). Prior to gas sampling, the column was capped with the chamber,
and the seam crossing was sealed with tape to avoid air leakage. A 50 mL syringe was
employed to repeatedly mix the collected air for the zero-time sample. The other three gas
samples were collected in the same manner every 10 min. Finally, the mixed gas samples
were conserved in gas collection vessel for further detection. Gas chromatography (GC;
Agilent 7890, Santa Clara, CA, USA), equipped with a flame ionization detector (FID) and
and thermal conductivity detector (TCD), was employed to detect CH4 concentration. The
temperatures of the injection port, detector and oven were 250, 250 and 60 ◦C, respectively.
Additionally, CH4 fluxes were calculated by CH4 accumulation from zero time to 1 h
later air sampled. Beijing ZG Special Gases Science and Technology Corporation (Beijing,
China) supplied the CH4 standard gas with a concentration of 1.8 mg L−1, used to calculate
the integral area of gas volume fraction to sampled time. The GHG emission rates were
calculated from the change in gas concentrations with time after the chamber was closed.
The calculation of CH4 fluxes followed the method described in the previous study [32]:

J =
dc
dt

∗ M
V0

∗ P
P0

∗ T0

T
∗ H

where J represents the CH4 (μg m−2 h−1) emission flux; dc/dt represents the slope of gas
volume fraction to t (mm3 (m3 h)−1); M is V is CH4 molar mass; P is the atmospheric
pressure of chamber (m2); T is the absolute temperature in the chamber (K); V0, P0, T0 are
the molar volume of gas (mL mol−1), atmospheric pressure (Pa), absolute temperature (K),
respectively, at standard condition; H is the height of chamber (m).

2.3. Topsoil DNA Extraction and High throughput Sequencing

The polymerase of TransGen TransStart Fastpfu DNA Polymerase AP221-02 was
operated to amplify bacterial 16S rRNA genes following the primers [338F (ACTCC-
TACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT)] in V3-V4 hyper-
variable region [33]. QIA Quick Gel Extraction Kit (QIAGEN, Dusseldorf, Germany) and
Real-Time PCR (ABI GeneAmp® 9700, New York, NY, USA) were used to purify and quan-
tify PCR products, respectively. Additionally, High throughput sequencing was performed
on Illumina’s MiSeq-PE250 platform at the Allwegene Company (Beijing, China). The
dataset was analyzed using QIIME and the sequences were clustered into operational
taxonomic units (OTUs) at a similarity level of 97%. The Ribosomal Database Project (RDP)
Classifier tool (NBTIC, Bethesda, ML, USA) was also employed to classify all the sequences
into different taxonomic groups, which can calculate the abundances of OTUs and the
parameters of diversities [34]. The raw sequences were deposited into the NCBI Sequence
Read Archive (SRA) database with accession number PRJNA1065809.

2.4. Statistical Analysis

The original data were calculated by Microsoft Excel (Microsoft Excel 2019, Microsoft,
Albuquerque, NM, USA). One-way analysis of variance (ANOVA) was regarded as being
statistically significant in using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). DUCAN test was
used to determine significant differences among all treatments (p < 0.05). The correlations
between various indices were assessed by Pearson’s correlation analysis (p < 0.05, p < 0.01
and p < 0.0001). Beta diversity of bacterial samples in different treatments was analyzed
by principal Component Analysis (PCA)and Principal Coordinate Analysis (PCoA) which
were conducted by R language packages coupled with broken-stick model based on Bray–
Curits distances at OTUs level (Supplementary Materials). All figures in this study were
drawn by Origin Pro (Origin 2021, Northampton, MA, USA).
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3. Results

3.1. Characteristics of Soil and Organic Materials Used in This Study

The physicochemical properties of the soils used vertically (0–40 cm) in the present
study are shown in Table 1. The SOM content obviously decreased with an increase in
soil depth, showing a range of 6.53 g kg−1 to 32.22 g kg−1 (p < 0.05) (Table 1). Similarly,
diverse origins of organic materials led to significant variations in the properties of WS,
RS, and AS, encompassing nutrient contents, phase compositions, and main functional
groups. The total C, N, and P proportions of WS, RS, and AS are shown in Supplementary
Table S1, which indicates the C/N order of WS (47.87) > RS (43.07) > AS (24.83). The
three organic materials mainly consist of carbon components rather than nitrogen and
phosphorus, which can provide more carbon sources for microbial activity and regulate
CH4 emissions.

As a whole, the order of absorption peak intensity was WS > RS > AS at the same
wavenumber. FTIR characteristics of AS, RS, and WS were shown in Figure 2, which in-
dicated a similar trend in the main absorption peaks of 858 cm−1, 1300 cm−1, 1539 cm−1,
1715 cm−1, and 3009 cm−1. The absorption peak at 858 cm−1 pointed to the stretching
vibration of -CHO in AS lower than that in WS and AS. The bending vibration O-H at
1300 cm−1 showed the compounds of phenols, alcohols or carboxylic acids. The bending
vibration N-H at 1539 cm−1 illustrated the amine-group compound. The stretching vi-
bration C=O at 1715 cm−1 forecasted the compounds of ketones, aldehydes or carboxylic
acids. The stretching vibration C-H at 1715 cm−1 forecasted the alkene compound. The
aromatic ketones and aromatic carboxylic acid compounds (benzophenone, benzoic)
were considered the main substances in the three materials, which may provide nutrients
for soil microorganisms during the decomposition of a long-term leaching experiment.
Then, the activities and abundances of relative microorganisms can mediate the CH4
emissions rates.

Figure 2. FTIR characteristics of the three organic materials (WS, RS and AS represent wheat straw,
rapeseed shell and astragalus smicus, respectively) used in this study.
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3.2. Changes of CH4 Emissions over the Course of an 85-Day Leaching Experiment

The dynamic changes and the average emissions of the CH4 fluxes are described in Figure 3.
The emission of the CH4 flux changed with a scope of 0.001 μg m−2 h−1~320.51 μg m−2 h−1

and the average CH4 emission flux varied from 0.03 μg m−2 h−1 to 76.19 μg m−2 h−1

during the leaching experiment in the waterlogged paddy soil. One-way ANOVA and the
DUCAN test (p < 0.05) were used to analyze the difference in CH4 emission fluxes among
all treatments over the course of an 85-day leaching experiment. A significant (p < 0.05)
difference in the CH4 emission flux occurred in RFWS (320.51 μg m−2 h−1) on 2 May,
meanwhile, the peak of average CH4 emission flux also occurred here (76.19 μg m−2 h−1),
which may be attributed to the abundant carbon released from WS during the leaching
experiment. However, the CH4 flux rate in the RFWS treatment (81.80 μg m−2 h−1) was
lower than that in the RFAS treatment (121.01 μg m−2 h−1) on 2 July, which may account
for the reduction of soil water or the destruction of anaerobic conditions.

Figure 3. Dynamic changes of CH4 flux in various treatments, and average CH4 emission flux over
the course of an 85-day leaching experiment among all treatments (i.e., CK: control treatment without
organic material and fertilizer; CF: conventional fertilization; RF:20% fertilizer reduction compared
with CF; RFWS: RF plus wheat straw amendment; RFRS: RF plus rapeseed shell amendment; RFAS:
RF plus astragalus smicus amendment). Data (means ± SD, n = 3) followed by different letters
indicate significant differences among treatments at p < 0.05.

3.3. Variations of the Soil Bacterial Community Structure

To reveal the variations of the bacterial community and structure in the topsoil plus
organic materials and fertilizer after a long-term leaching test, high throughput sequenc-
ing was employed to distinguish the variations of the soil bacterial structure (Figure 4).
Chao, ACE and Shanon analyses showed that organic material amendments with fertil-
izer reduction enriched the soil bacterial community diversities, which attributed to the
favorable habitat for soil organisms. The Chao index is directly related to species richness,
for which it provides a higher estimate compatible with the sample abundance data, and
the Shannon index is a species diversity metric. For alpha diversity indices of Chao, the
values of bacterial diversities showed that the RFWS (3398.27) treatment was higher than
CK (2940.77), CF (3174.30), RFRS (3036.43), and RFAS (3153.34) (p < 0.05). The ACE values
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displayed an order of RFWS (3413.34) > RF (3297.59) > CF (3165.81) > RFAS (3153.79) >
RFRS (3051.42) > CK (2941.83). When the Shannon analysis was adopted, the diversity
values were RFWS (10.04) > RFAS (10.01) > RF (9.939) > CF (9.81) > RFRS (9.77) > CK (9.70).
However, no difference existed in Simpson analysis among all treatments (Table S3).

Figure 4. Analysis of bacterial community diversity in various treatments (i.e., CK: control treatment
without organic material and fertilizer; CF: conventional fertilization; RF: 20% fertilizer reduction
compared with CF; RFWS: RF plus wheat straw amendment; RFRS: RF plus rapeseed shell amend-
ment; RFAS: RF plus astragalus smicus amendment). Data (means ± SD, n = 3) followed by different
letters indicate significant differences among treatments at p < 0.05.

The top ten dominant bacterial communities were identified in Figure 5A,B at the
phylum and class levels, respectively. In this study, Proteobacteria, Actinobacteria, and
Acidobacteria were regarded as the three major bacterial communities at the phylum level,
with average proportions of 35.2%, 12.3%, and 15.3%, respectively. Among them, the
relative distribution of Proteobacteria was significantly higher than that in all treatments,
but no difference existed among the different treatments. For Firmicutes, the proportion of
RFRS (11%) was higher than that in the CK (8%), RF (8%), RFWS (7%), RFAS (6%), and CF
(5%) treatments. In addition, Gammaproteobacteria, Alphaproteobacteria, Deltaproteobacteria,
and Acidoproteobacteria were considered to be the main bacterial communities at the class
level, with average contributions of 12.8%, 12.2%, 10.0%, and 8.8%, respectively. Compared
to CK (11%), the distribution of Gammaproteobacteria in the CF, RF, RFWS, RFRS, and RFAS
amendments increased to 14%, 12%, 12%, 12%, and 14%, respectively. The contribution
of Alphaproteobacteria was the highest in the RFWS treatments among all bacterial relative
abundances, accounting for 15%. The abundance of Deltaproteobacteria ranged from 9% to
11%, which was higher than the distribution of Acidoproteobacteria in all treatments, ranging
from 7% to 11%.
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Figure 5. Top ten dominant bacterial communities in soil (0–10 cm) at phylum (A) and class (B) levels
after 85-day leaching experiment in various treatments (i.e., CK: control treatment without organic
material and fertilizer; CF: conventional fertilization; RF:20% fertilizer reduction compared with CF;
RFWS: RF plus wheat straw amendment; RFRS: RF plus rapeseed shell amendment; RFAS: RF plus
astragalus smicus amendment).

3.4. Correlation of the Bacterial Communities to Environmental Factors

To understand the effect of fertilizer reduction combined with organic materials
on the structural composition of soil microorganisms, the differences in soil bacterial
community structures were analyzed by PCoA (Figure 6A) and PCA (Figure 6B). The
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loadings for all variables involved in the PCA in different treatments are shown in the
Supplementary Materials. PC1 and PC2 were obtained, with contributions of 14.7% on the
first axis and 8.75% on the second axis in PCoA, which indicated a similar OTU composition
between the RFWS and RFAS treatments. However, the CF and RFRS treatments showed
similar variations in OUT compositions in PCoA, with the dispersion of data points in the
four quadrants.

Conversely, the OTU compositions of the CK and RF treatments were similar, which
demonstrated the fertilizer application rate was the main factor in bacterial community
structures. Additionally, PC1 and PC2 were acquired by PCA, accounting for 11.8% and
9.67% of the differences in bacterial structure. The points of the RFWS, RFRS and RFAS
treatments were located in the same quadrant above the main axis in PCA, which shows
the semblable structural composition. However, compared to CF, the samples of the CK
and RF treatments were located in the same quadrant below the main axis, which indicates
the importance of the fertilizer reduction regime on soil microbial variations.

Figure 6. PCoA (A) and PCA (B) analysis of soil bacterial community structures (i.e., CK: control
treatment without organic material and fertilizer; CF: conventional fertilization; RF:20% fertilizer
reduction compared with CF; RFWS: RF plus wheat straw amendment; RFRS: RF plus rapeseed
shell amendment; RFAS: RF plus astragalus smicus amendment). The chromatic dot represents the
distribution of community composition of each treatment and the chromatic dotted box represents
samples with similar microbial community composition.
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To explore the relationship between bacterial communities and environmental factors
(Table S4), the changes of the top ten dominant soil bacterial communities and soil relative
indices are shown by heatmap analysis at the phylum and class levels (Figure 7A,B). The
correlation of soil bacterial communities and soil indices was analyzed using Origin Pro
(Origin 2021, USA) and a p-value at 0.05, 0.01 and 0.001 levels, respectively. Overall, the
indices of FI (Fluorescence intensity), HIX (Humification index) and α:β (ratio of new and
old carbon), which represented soil dissolved organic carbon (DOC) spectral characteristics,
had a highly significant correlation (p < 0.001). At the phylum level, Verrucomicrobia
had a significant association with Armatimonadetes (p < 0.01), and the contribution of the
Bacteroidetes community was significantly correlated with soil NH4

+ (p < 0.01), suggesting
the crucial effect of soil characteristics on soil microbial structures. Regarding the class
level, the relative abundance of Bacteroidia was strongly correlated with soil NH4

+ (p < 0.01).
Additionally, the relative distribution of Actinobacteria showed a significant relationship
with soil DOC and microbial biomass nitrogen (MBN) (p < 0.05), and the Bacilli community
was significantly related to soil AP concentration.

Figure 7. Correlation heatmaps between bacterial communities and environmental factors at phylum
(A) and class (B) levels (differences were considered significant at 0.05, 0.01 and 0.001 levels).
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4. Discussion

4.1. Fertilizer Reduction Plus Organic Materials Accelerate the CH4 Emissions from the Flooded
Paddy Soil

Based on the soil’s basic properties, the indices of AK, AP, CEC, and TN exhibit a
similar variation trend where the upper-layer content is higher than that in the lower layer,
which is attributed to the application of organic or inorganic fertilizers during long-term
cultivation. The organic materials (WS, RS, and AS) used in this study are rich in carbon
(C) and nitrogen (N), providing ample energy sources for soil microorganisms involved in
CH4 production. Previous studies have also demonstrated that variations in soil depth can
significantly influence the distribution and availability of essential nutrients [35]. The high
C and N contents in the organic materials could potentially stimulate specific microbial
metabolic pathways involved in CH4 production, warranting further investigation into the
underlying mechanisms. The FITR analysis showed that WS contained more plentiful C=C
and C=O groups than in RS and AS, which is consistent with the results of elements analysis.

Generally, the contents of carbon (C) and nitrogen (N) have significant influences
on microbial metabolic pathways and CH4 production. However, the effects of reduced
chemical fertilizer combined with crop residues on soil bacterial community composition
over the course of long-term leaching experiments need to be explored deeply. Previous
studies reported that reduced chemical fertilizer combined with straw retention can enhance
CH4 emission by regulating the abundance of soil methanogens and methane-oxidising
bacteria, which is consistent with the present results [36,37]. The exogenous organic
matter can be biodegraded under both aerobic and anaerobic conditions, especially in
the drying and wetting cycling process [38]. Moreover, it is widely agreed that straw
amendments supply additional organic C substrate for methanogens and increase plentiful
CH4 emissions [39,40]. On the other hand, fertilization improves photosynthetic production
and therefore provides more rhizodeposition C for methanogenesis, as well as the oxidization
of rhizosphere soil for mathanotrophs [41]. The relative strategy can also facilitate soil
oxygen transportation and enhance its available concentration [42]. The current results also
indicated that the CH4 emissions flux and the abundance of bacterial diversity significantly
rose for the RFWS, RFRS, and RFAS treatments; however, there was no significant difference
in the emission flux among the CK, CF, and RF treatments, which is in line with the
published studies [39,43]. This phenomenon could be mainly attributed to the 85-day
soil column leaching experiment that incorporated fresh straw into the waterlogged soil
when the temperature was relatively high, as the CH4 emissions flux peaked shortly after
fertilization for 28 days (Figure 3) [44,45]. This was also likely due to the fact that the
application of fresh crop residues to paddy soil accelerates CH4 emission by regulating soil
pH or enhancing anaerobic oxidation processes as an electron acceptor [46]. Therefore, to
the best of our knowledge, the RFRS treatment should be recommended as the moderate
strategy that mitigates CH4 emission in rice paddies.

4.2. Potential Mechanism of CH4 Emission under Fertilizer Reduction Plus Organic Materials

As is known, microbial communities play a crucial role in the decomposition of or-
ganic matter. Different microorganisms have specific enzymes and metabolic pathways
for breaking down complex carbon compounds. This process can release substrates that
are subsequently utilized for CH4 production. On the other hand, certain microorganisms
such as Methanotrophic bacteria can in return anaerobically oxidize CH4, influencing the net
emissions. Understanding these complex interactions is crucial for developing sustainable
agricultural practices that balance crop productivity and environmental protection. It is
well-known that N fertilization has a positive influence on paddy soil microbial communi-
ties, particularly in a waterlogged environment [47,48]. Nevertheless, the research on the
response of soil bacterial community composition to fertilizer reduction combined with
organic materials during the leaching simulation period is lacking. In this study, the top ten
bacterial community compositions were identified among various treatments (Figure 5A,B),
indicating that reducing chemical fertilizer plus using organic matter amendments can
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significantly regulate the main bacterial communities of methanogenesis after a long-term
leaching experiment. As the biodegradable organic compounds decompose, the living
conditions of the related organisms may deteriorate, and the favorable habitat of the related
microorganisms may be destroyed due to the lack of fresh substrates or favorable soil
conditions. The abundant carbohydrates, including starch and glucose, which may be
released from organic matter, provide an energy substrate for the metabolism of most
microorganisms [49]. Additionally, the redox potential decreases with the consumption of
oxygen during straw decomposition, which leads to the growth of methanogens and inhibits
the activity of methanotrophs [50]. The increase in degradable C causing the increase in CH4
emissions due to straw incorporation is associated with reduced fertilizer [51]. With the
leaching experiment process, the soil C/N, pH and redox significantly changed because of
the reduction of water and nutrient contents, which may directly affect the activity and
abundance of methanogens and methanotrophs. Future research could focus on unraveling the
specific molecular mechanisms underlying the observed changes in microbial communities
and their functional implications for soil processes.

Previous studies showed that organic amendments could significantly increase the soil
microbial activity and microbial biomass [24,52]. In this study, fertilizer reduction plus or-
ganic material treatments increased the soil microbial C substrate, which could supply more
C and N sources for methanogenic growth. In general, methanomicrobia and methanobacteria
were considered to be the main compositions of the methanogenic archaeal community,
shifting the basal metabolic activities in paddy soils [53]. The results were consistent with
a previous study on the functional and structural responses of methanogenic archaeal
communities with rice straw addition, which demonstrated that the hydrogenotrophic
methanogenic pathway was in particular controlled by the availability of degradable
OC [54]. PCoA and PCA analyses showed that the RFWS, RFRS and RFAS treatments
had similar bacterial communities and OTU structural composition; however, relatively
lower bacterial abundances were found in the CK, CF and RF treatments, which suggests
the important role of organic C and moderate N sources on microorganism growth [55].
If there is an excess of one without a corresponding amount of the other, it can lead to
nutrient imbalances that affect microbial growth efficiency [43]. Additionally, the form
in which these nutrients are present (e.g., whether N is in an ammonium or nitrate form)
can also modulate the impact on microbial growth. The correlation heatmap revealed
that the distributions of Bacteroidetes and Bacteroidia were dramatically close to soil NH4

+

concentration, which was devoted to the degradation of crop residue or the growth of
Methanogens [56]. Reporter indicated that hydrogenotrophic Methanocella and acetoclastic
Methanosaeta, which can generate methane by using hydrogen as an electron donor and
carbon dioxide as a carbon source, were considered the major methanogenic communities
associated with CH4 production and emission [57]. The major bacterial communities includ-
ing Bacteroidia, Acidobacteriia, Actinobacteria and Proteobacteri obtained in this study were
related to Methanocella, whose variations may mediate the CH4 emission rate during the
period of the leaching experiment. Moreover, factors such as the availability of hydrogen
and carbon dioxide, as well as the overall environmental conditions (e.g., temperature,
pH, and redox potential), can affect the growth and metabolic rate of the main bacterial
communities relative to methanogenesis, thereby impacting CH4 net emission. Altogether,
our results showed that fertilizer reduction plus organic materials generated great changes
in the CH4 emission and the abundance of relative bacterial community composition in
paddy soils during a long-term leaching experiment. However, the present experiment was
isolated from field trials, and no plants participated in the leaching experiment process,
which scarcely reflects the actual field conditions. Hence, further investigations of the fertil-
ization regime’s impact on the CH4 emission molecular mechanism should be conducted
in a long-term field test.
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4.3. Implication

The effects of fertilizer reduction combined with various crop residues on the vari-
ations of CH4 emission and bacterial communities were investigated via an 85-day soil
column leaching experiment.

It was demonstrated that the RFRS treatment significantly decreased and the RFWS
regime treatment significantly increased the CH4 emission from paddy soil. Simultane-
ously, this was primarily associated with the proliferation of Bacteroidetes and Bacteroidia,
which were capable of better degrading various organics or mediating the composition of
microbial substrates in waterlogged anaerobic conditions. Nevertheless, the biochemical
processes of Methanomicrobia and Methanobacteria genes, which regulate CH4 production, re-
main ambiguous. In future studies, the potential influence of the redox process on altering
the CH4 emissions mechanism by modifying soil-dissolved organic matter or the electron
transport process should also be considered [58,59]. To reduce errors in experimental
data and sampling, an automatic collection device should be adopted instead of manual
operation, which can improve the consistency of the results in deep study. The release of
ebullition fluxes that occurred during the duration of gas sampling should also be consid-
ered in the follow-up study. Further studies are also necessary to elucidate how different
microbial communities are formed with different types of organic material amendments.
Moreover, the present study only observed a slight variation in CH4 emission with fertilizer
reduction plus organic materials during the leaching process; therefore, more long-term
field experiments should be carried out to verify the changes more accurately.

5. Conclusions

In this study, the ability of organic materials to balance soil fertility and regulate CH4
emissions in paddy soil was demonstrated. The results showed that the CH4 flux ranged
from 0.001 μg m−2 h−1 to 320.51 μg m−2 h−1 using various plus organic material treatments
over the course of an 85-day leaching experiment. RFWS, RFRS and RFAS showed higher
CH4 flux than that of the CK, RF and CF treatments, which illustrated the importance
of N stimulation on the degradation of organic C from crop residue during the leaching
experiment. Additionally, Bacteroidia, Acidobacteriia, Actinobacteria and Proteobacteria were
confirmed to be the major bacterial community compositions at the phylum and the
class analysis levels. Notably, Bacteroidetes and Bacteroidia were correlated with soil MBC,
NH4

+-N, suggesting that the vital role of modest N should not be ignored when considering
the CH4 emission from waterlogged paddy soils. The results indicated that the application
rates of chemical fertilizers and the choices of crop residues were equally important in
rice cultivation.
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