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Abstract: Tillage and stubble management play crucial roles in conservation agriculture,
exerting a considerable influence on soil properties. This study aims to focus on the gaps in
our understanding of how tillage and stubble management interact to affect the taxonomic
and functional structure of the soil microbiome. Soil samples were collected from a long-
term field trial implementing no tillage (NT) and conventional tillage (CT) with stubble
retention and removal. Metagenomic sequencing facilitated the assembly of a gene catalog
comprising 4.36 billion non-redundant genes. Stubble management markedly altered both
the taxonomic and functional composition of the prokaryotic community, the addition
of stubble caused a significant increase in Proteobacteria, but a decrease in Chloroflexi
compared with no stubble. The key prokaryotic species and gene functions contributing
most to the dissimilarity of the prokaryotic communities between the treatments with and
without stubble were identified, including Rhodospirillum sp. Stubble retention increased
the availability of carbon resources in the soil, resulting in a higher proportion of genes
functional for metabolic activity and plant–pathogen interactions. However, tillage practice
did not influence the structure or diversity of the soil prokaryote community. Our findings
identify the target microbial species for future isolation, enabling the development of
eco-friendly biofertilizers to promote sustainable agriculture.

Keywords: wheat; maize; microbes; straw; rhizosphere

1. Introduction
Agricultural practices play pivotal roles in shaping the soil micro-environment and

microbial communities. Among the various parameters, tillage and stubble management
are critical components that significantly affect soil physical and chemical properties,
resulting in impacts on the taxonomic and functional structure of the soil microbiome [1].
Understanding the interaction of tillage and stubble practice on soil microbiota is essential
for optimizing agricultural management and enhancing ecosystem health.

The mechanisms through which tillage and stubble management exert their effects on
soil properties are multifaceted and distinct. Tillage involves the mechanical disruption
of soil through actions including plowing, harrowing, cultivating, subsoiling, chiseling,
discing, hoeing, ridging, and rolling [2], which are highly associated with increasing particle
density, diminishing water infiltration, and escalating erosion risks [3–5]. By keeping the
crop residues on site, stubble retention forms protective layers on the soil surface [6] that
lead to improved soil structure and porosity, increased water infiltration, and decreased
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soil erosion [7]. These alterations in soil physical properties due to stubble and tillage
management also influence the soil chemical properties, such as soil organic carbon (SOC)
content, nutrient availability, electrical conductivity (EC), pH, and cation exchange capacity
(CEC) [8–11].

The changes in soil properties, especially soil organic carbon, reshape the taxonomic
structure of the soil microbiome [12–14]. The soil microbiome plays crucial roles in support-
ing crop health and development by improving nutrient availability [15,16] and inhibiting
the growth of pathogens [17]. Stubble retention and no-tillage (NT) practices can keep
the soil structure stable and facilitate soil organic matter (SOM) accumulation [18]. The
process of crop residue degradation involves a diverse array of microorganisms, such
as certain saprophytic bacteria and fungi, that produce enzymes to break down complex
organic molecules into fundamental C compounds, thereby increasing SOM [19–21]. Tillage
typically changed the activities [22] and structure of the soil microbial community [23,24],
potentially because the soils under conventional tillage (CT) with low infiltration were
dryer compared with those under NT, so organic residues were more difficult to break
down and provide an available C source for microbes. Compared with stubble removal,
the soil microbiome composition under stubble retention was more similar to that of the
neighboring grassland ecosystems, leading to an increase in microbial diversity [25]. Stub-
ble retention influenced soil microbiome structure by increasing the relative abundance
of Acidobacteria, a widely distributed soil bacterial phylum that is able to utilize diverse
sources of carbon [26]. In addition, stubble retention also interacts with the soil fungal
community [27,28], e.g., members of the Ascomycota can break down complex C substrates,
while mycorrhizal fungi can mobilize nutrients in the stubble [29,30]. However, another
finding for semiarid cropping systems revealed that stubble had no effect on the bacterial
and fungal diversity in the soil [31], possibly due to the low rainfall environment limiting
the contribution of crop residues to SOM storage.

Stubble effects appear to be more pronounced than tillage effects in modifying the
diversity and composition of the soil microbiome. For example, organic additives were
found to be far more important than tillage to change soil microbe numbers, community
structure, and enzyme (invertase and urease) activities [23]. Similar findings were reported
that stubble retention increased both bacterial and fungal diversities, regardless of tillage
management, possibly due to the stubble-driven changes in nutrient availability [32,33].

The alteration of soil micro-environments triggered by tillage and stubble management
have different impacts on the prokaryotic and fungal communities [34]. Prokaryotes have
diverse metabolic pathways through which they are capable of adapting to various abiotic
stresses in soil, such as drought, water logging, heat, and deficits of oxygen and nutrients
induced by cropping practices [35,36]. With their rapid reproduction and growth rates,
prokaryotes can acclimate to the changes in the soil microenvironment within a short period
of time [37]. Fungi, on the other hand, obtain nutrients mainly through the decomposition
of organic matter [38]; therefore, they can be more responsive to an increase in organic
inputs, such as from stubble retention.

However, past research examining the interplay of tillage and stubble management
on soil microbiomes has predominantly concentrated on microbial taxonomy, often over-
looking functional structure and its correlation with taxonomic structure. Furthermore,
there has been limited exploration into structure interactions among various microbiome
kingdoms. This study aims to address these gaps by investigating the complex interplay
between tillage and stubble management on the taxonomic and functional structure of
bacterial, archaeal, and fungi communities as a means to assess sustainable agriculture and
ecosystem management. Our hypothesis is that there is significant interplay between tillage
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and stubble management on soil microbiomes, alongside a strong correlation between the
taxonomic and functional structures of various microbial kingdom communities.

2. Materials and Methods
2.1. Field Experiment

The field experiment was conducted in Linyi County, Shandong Province, in the north-
ern region of China (GPS coordinates 37.46709◦ N, 116.94031◦ E) since its establishment in
2015. Throughout the course of the experiment, the region received average annual precipi-
tation of 536.9 mm, with over 67% of this rainfall occurring between June and August. The
average annual temperature recorded was 12.6 ◦C. The soil in this region is categorized as
Cambisols [39].

This field experiment was conducted with alternating cultivation of wheat and maize
each year. The experimental design followed a randomized complete block layout with
four replicates, where each treatment plot measured 20 m in length and 4 m in width.
Both tillage and stubble retention practices were implemented, where tillage treatments
included no tillage (NT) and conventional tillage (CT), and stubble treatments included
stubble-retained (+stubble) and stubble-removed (−stubble). CT was conducted using a
moldboard plow to a depth of 20 cm. Stubble retention was conducted by direct application
of crop residue onto the soil surface for NT treatment (NT +stubble) and by mixing crop
residue into the soil for CT treatment (CT +stubble). During the experimental period, the
winter wheat variety Jimai-22 was sown in October and harvested in June of the following
year, and the maize variety Dika-1210 was sown after wheat harvest. The wheat crop was
fertilized with 225 kg N ha−1, 52.4 kg P ha−1, and 87.1 kg K ha−1, while the maize crop
was fertilized with 240 kg N ha−1, 52.4 kg P ha−1, and 74.7 kg K ha−1. In March every year,
130–160 mm of irrigation water was applied to the wheat crop depending on the rainfall,
and no irrigation was used for the rest duration of the season. Herbicides and pesticides
were applied when weeds and pests appeared.

The soils were collected after maize harvest in 2021, which was 6 years after the
treatments. This study focused on the soil microbiome in the topsoil, where the microbes
were more active and sensitive to the agricultural practice. Soils at 0–10 cm depth were
collected from eight random spots in a single plot and mixed thoroughly to form a single
soil sample representing the plot. A 10 g portion was taken off each soil sample and
immediately transferred to a −80 ◦C freezer in the laboratory until DNA extraction. The
remainder of the soil sample was air-dried and processed for physical and chemical analyses
using the protocol of Rayment and Lyons [40]. The measured soil characteristics included
soil texture, pH, electrical conductivity (EC), and the contents of organic C, ammonium N,
nitrate N, total N, available P (based on the Colwell P test), total P, and total K.

2.2. Metagenome Sequencing and Bioinformatics

The DNA from 16 samples, consisting of 4 replicates of each tillage–stubble treatment,
was extracted using a PowerSoil DNA isolation kit (Mo Bio, Carlsbad, CA, USA) in accor-
dance with the manufacturer’s instructions. DNA sequencing was conducted based on the
guidelines provided by Quince et al. [41]. To set up the library, we utilized the Hieff NGS®

MaxUp II DNA Library Prep Kit from Illumina® San Diego, CA, USA, as per the manu-
facturer’s instructions. Adaptors were added to group different sequences from the same
sample. We quantified and combined the libraries, performed paired-end sequencing on
the NovaSeq 6000 sequencers from Illumina, USA, and then implemented certain criteria to
filter out reads during the sequencing process. Reads were discarded if they: (1) contained
≥ 20% low-quality bases, or (2) exhibited adapter contamination, meaning that they had at
most 15 bases of overlap between reads and adapters, allowing for a maximum of 3 base



Agriculture 2025, 15, 143 4 of 16

mismatches, (3) contained “N” indicating low quality, or (4) demonstrated low complexity,
having more than 10 consecutive reads of the same base.

To perform de novo metagenomic assembly, all the clean reads from the 16 samples
were pooled. Initially, mixed assembly of multiple samples was applied using the de Bruijn
graph method with Megahit version 1.2.9 [42]. The clean reads were then mapped back to
the assembled contigs using bowtie2 version 2.1.0 [43]. Unmapped reads were extracted
and reassembled using SPAdes version 3.13 [44] to obtain low-abundance contigs. We
determined the assembly rate of each sample by mapping all clean reads to the assembled
contigs, considering a 90% identity threshold, using SoapAligner software [45].

For gene prediction, Prodigal version 2.60 [46] was used to identify open reading
frames (ORFs) from the assembly results, where the genes with a length of 100 bp or greater
were selected and converted into amino acid sequences. Predicted genes were clustered
into non-redundant genes using CD-HIT version 2.60 [47]. In order to accurately quantify
gene abundance in each sample, we utilized a dual-phase parallel inference algorithm with
Salmon version 1.5.0 [48], taking into account both the number of mapped sequences and
the gene length.

The non-redundant protein sequences were annotated using the NCBI microbial NR
database that covered bacteria, fungi, archaea, and viruses, and the functional databases
of KEGG [49,50]. This annotation was carried out using the DIAMOND software version
0.8.20 [51] with an e value threshold of ≤ 1 × 10−5. Taxonomic annotation for each gene
was performed using the lowest common ancestor method (LCA) with MEGAN [52]. The
best-aligned hit based on the lowest blast e value was used as the functional annotation of
the metagenomic genes in the KEGG database.

2.3. Statistics

Initially, the low-abundance genes were filtered out based on the criteria of at least
4 samples with over one read. Hellinger transformation [53] was applied to normalize
the library size across all samples. The whole gene catalog was divided into three groups
based on the taxonomic annotation at the kingdom level, specifically bacteria, archaea,
and fungi. Within each of these groups, genes were categorized into taxonomic species or
KEGG Orthology (KO); then, species and KO were used as the basic unit for the analysis.
Multivariate analysis was conducted for species and KO. Non-metric multidimensional
scaling (NMDS) based on Bray–Curtis distance were calculated by metaMDS function from
the Vegan Package in R. Permutational multivariate analysis of variance (PERMANOVA)
with a maximum of 999 permutations using the adonis function was conducted to test
the effects of tillage and stubble on beta-diversity. A similarity percentages breakdown
(SIMPER) analysis from the Vegan package was conducted to identify the species/KO
that contributed most to the dissimilarity of the microbial communities between + and −
stubble treatments. The identified species/KO were considered as the key species/KO.
The relative abundance of sequenced reads grouped into species and KO was compared
in response to tillage and stubble treatment using the Statistical Analysis of Metagenomic
Profiles (STAMP) package and Benjamini–Hochberg FDR method to correct for the p-value.

The Shannon index was calculated to indicate the alpha diversity for taxonomic (at
the species level) and functional diversity (at the KO level) in each of the microbiome
communities, including bacteria, fungi, and archaea, using the Vegan package in R based
on rarefied species and KO table. Two-way ANOVA was used to test the effect of tillage
and stubble treatment on the soil sand and clay content, pH, EC, the contents of organic
C, ammonium N, nitrate N, total N, available P, total P, and total K, and Shannon index in
Minitab 15 (Minitab Inc., State College, PA, USA). The normal distribution of the data was
checked before the analysis. Mantel analysis was conducted to test the association between
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the taxonomic and functional composition of different microbial kingdoms. Pearson corre-
lation was performed among the Shannon index values of the taxonomic and functional
diversity of microbial kingdoms. Permutational multivariate ANOVA was used to test the
correlation of the soil traits with the taxonomic and functional composition of different
microbial kingdoms.

3. Results
3.1. Soil Physical and Chemical Properties

The analysis of soil physical and chemical properties (Table 1) showed that stubble
retention significantly increased SOC, total N, Colwell P, total P, and total K by 14%, 12%,
45%, 25% and 4%, respectively, compared with the stubble removal. The only significant
tillage impact (p < 0.05) was found on Colwell P, where CT was 22% higher than NT.

Table 1. Soil physical and chemical properties under tillage and stubble management.

pH EC
(dS/m)

Organic C
(g/kg)

Ammonium
N

(mg/kg)

Nitrate N
(mg/kg)

Total N
(g/kg)

Colwell P
(mg/kg)

Total P
(mg/kg)

Total K
(mg/kg)

Clay
(%)

Sand
(%)

CT 8.33 a 0.152 a 10.5 a 8.55 a 24.4 a 1.20 a 32.0 b 1.15 a 19.7 a 22.1 a 27.2 a
NT 8.34 a 0.165 a 10.2 a 7.92 a 27.7 a 1.15 a 26.2 a 1.33 a 19.8 a 22.6 a 22.0 a

−stubble 8.25 a 0.161 a 9.70 a 8.01 a 27.0 a 1.11 a 23.7 a 1.10 a 19.4 a 20.7 a 28.2 a
+stubble 8.41 a 0.156 a 11.1 b 8.47 a 25.0 a 1.24 b 34.4 b 1.38 b 20.1 b 24.0 a 21.0 a

CT −stubble 8.28 a 0.146 a 9.65 b 7.83 a 22.3 a 1.13 a 26.7c 1.11 b 19.3 b 20.7 a 30.9 a
CT +stubble 8.38 a 0.159 a 11.4 a 9.28 a 26.4 a 1.26 a 37.3 a 1.19 a 20.0 a 23.5 a 23.5 a
NT −stubble 8.23 a 0.176 a 9.75 b 8.19 a 31.7 a 1.08 a 20.7d 1.09 b 19.4 b 20.7 a 25.4 a
NT +stubble 8.45 a 0.153 a 10.7 a 7.66 a 23.7 a 1.22 a 31.7 b 1.57 a 20.3 a 24.5 a 18.5 a

p-value
Tillage 0.923 0.508 0.596 0.442 0.594 0.086 0.013 * 0.099 0.417 0.861 0.191
Stubble 0.224 0.782 0.014 * 0.573 0.747 <0.01 * <0.01 * 0.014 * <0.01 * 0.26 0.082

Tillage ×
Stubble 0.617 0.349 0.465 0.235 0.336 0.649 0.922 0.066 0.511 0.859 0.938

Explanations: Tillage practice included conventional tillage (CT) and no tillage (NT), and stubble management
included removal (−stubble) and retention (+stubble). The same letter indicates no significant difference was
detected (p > 0.05), while the symbol * indicates a significant impact of treatment detected (p < 0.05) based on
Tukey’s HSD post hoc pairwise comparison test.

3.2. Soil Microbiome Diversity

We sequenced 2.08 billion raw reads (71.65 M–152.36 M per sample) and obtained
2.08 billion clean reads (71.53 M–151.75 M per sample) after quality control (Table S1). By
pooling all 16 samples, we assembled a gene catalog with 4.36 billion non-redundant genes
(2.08 M–2.18 M per sample). The gene catalog was divided into three groups, including
bacteria, archaea, and fungi. The taxonomic diversity and functional diversity of bacterial,
archaeal, and fungal communities were evaluated under different tillage and stubble
management treatments.

For the alpha diversity, the impact of stubble was only found to be significant
(p < 0.05) on the functional diversity of the soil bacterial community, where stubble reten-
tion treatment caused a higher Shannon index (Table 2). The impact of tillage on both the
species diversity and functional diversity of the soil fungal community was significant
(p < 0.05), where higher diversity occurred under NT treatment (Table 2). However, a
significant interaction between tillage and stubble treatments also occurred (p < 0.05) in
terms of the soil fungal functional diversity.
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Table 2. Shannon index of the soil microbiome taxonomic diversity at species level and functional
diversity under tillage and stubble management.

Bacterial Community Fungal Community Archaeal Community

Species
Diversity

Functional
Diversity

Species
Diversity

Functional
Diversity

Species
Diversity

Functional
Diversity

CT 6.46 a 6.57 a 2.05 a 5.63 a 1.35 a 1.78 a
NT 6.44 a 6.57 a 2.08 b 5.65 b 1.33 a 1.84 a

−stubble 6.44 a 6.56 a 2.06 a 5.65 a 1.33 a 1.75 a
+stubble 6.46 a 6.58 b 2.08 a 5.64 a 1.35 a 1.86 a

CT −stubble 6.44 a 6.55 a 2.04 a 5.64 b 1.33 a 1.81 a
CT +stubble 6.48 a 6.58 b 2.06 ab 5.62 a 1.36 a 1.75 a
NT −stubble 6.44 a 6.56 ab 2.07 ab 5.65 b 1.33 a 1.69 a
NT +stubble 6.45 a 6.57 ab 2.09 b 5.65 b 1.34 a 1.98 a

p-value
Tillage 0.356 0.937 0.013 * <0.010 * 0.349 0.600
Stubble 0.098 <0.010 * 0.056 0.066 0.060 0.299

Tillage × Stubble 0.340 0.053 0.825 0.028 * 0.454 0.135
Explanations: Tillage practice included conventional tillage (CT) and no tillage (NT), and stubble management
included removal (−stubble) and retention (+stubble). The soil microbiome is divided into bacterial, fungal, and
archaeal communities. The same letter indicates that no significant difference was detected (p > 0.05), while the
symbol * indicates a significant impact of treatment detected (p < 0.05) based on Tukey’s HSD post hoc pairwise
comparison test.

For the beta-diversity, the impact of stubble was significant (p < 0.05, Table 3) on
both the species composition and the functional composition of bacterial and archaeal
communities, as shown by the stubble-dependent clusters of the samples in the biplots
(Figure 1a,b,e,f). The impact of tillage was only significant (p < 0.05, Table 3) on the
functional composition of the archaeal community. No significance was detected in the
fungal community’s response to soil management.

Despite the significant stubble impact detected at the species level (p < 0.05, Table 3),
the bacterial phyla Proteobacteria and Chloroflexi were the only taxa affected by stub-
ble management across the soil microbiome, including bacterial, archaeal, and fungal
communities. Stubble retention treatment caused a significant increase in Proteobacteria
(p < 0.05), but a significant decrease in Chloroflexi (p < 0.05). Proteobacteria and Actinobac-
teria were the most abundant bacterial phyla, accounting for one-third and one-quarter of
the community, respectively, followed by Acidobacteria, which only accounted for about
12% (Figure 2a). In the fungal community (Figure 2b), Ascomycota was the most abundant
phylum, accounting for ca. 80% of the total, followed by Mucoromycota (ca. 15%). Regard-
ing the archaeal community (Figure 2c), Thaumarchaeota was dominant, accounting for
ca. 98% of the total, where more than half of Thaumarchaeota members were in the class
Nitrososphaeria.

Table 3. Beta-diversity analysis showing the impact of tillage and stubble on soil microbiome
taxonomic composition at species level and functional composition.

Bacterial Community Fungal Community Archaeal Community

Species
Composition

Functional
Composition

Species
Composition

Functional
Composition

Species
Composition

Functional
Composition

R2 p-Value R2 p-Value R2 p-Value R2 p-Value R2 p-Value R2 p-Value

Tillage 0.069 0.139 0.076 0.055 0.072 0.354 0.096 0.181 0.053 0.687 0.084 0.023 *
Stubble 0.099 <0.01 * 0.096 <0.01 * 0.076 0.259 0.037 0.725 0.103 0.035 * 0.101 0.001 *

Tillage × Stubble 0.066 0.232 0.073 0.088 0.089 0.118 0.127 0.052 0.080 0.183 0.078 0.064

Explanations: The soil microbiome is divided into bacterial, fungal, and archaeal communities. The symbol
* indicates a significant impact of treatment detected (p < 0.05) based on permutational multivariate analysis of
variance (PERMANOVA).
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Figure 2. Sequence of relative abundance in taxonomic phylum groups in bacterial (a), fungal
(b), and archaeal (c) communities in response to −stubble and +stubble treatments. The class
composition of the dominant archaeal phylum Thaumarchaeota is also shown (c). The symbol
* indicates significance at p < 0.05 in response to stubble treatment based on the p-value corrected by
Benjamini–Hochberg FDR.

3.3. Key Species and Key Functional Units

To follow up on the significant impact of stubble (p < 0.05, Table 3) on both species
composition and functional composition, the key bacterial and archaeal species that ac-
counted for more than 1% of contribution to the differentiation of the soil microbiome
between stubble retention and stubble removal treatments were identified using similarity
percentages analysis (Figure 3). The relative abundance of the identified key species had an
inconsistent pattern with the contribution to the associated community; however, each key
species received a significant impact of stubble (p < 0.05), as shown in Figure 3a,b.

Five key bacterial species were identified, Rhodospirillum sp., Skermanella aerolata,
Methyloceanibacter sp., Hyphomicrobium sp. xq, and Solirubrobacter sp. URHD0082, where
all of the top four key species were the members of Proteobacteria. For the top three key
species (i.e., Rhodospirillum sp., S. aerolata, and Methyloceanibacter sp.) each accounted for an
at least twice greater contribution (above 2.6%) than the other two species. Despite making
the second greatest contribution, S. aerolata had noticeably lower relative abundance than
Methyloceanibacter sp. Rhodospirillum sp. and S. aerolata were the only bacterial species
showing significantly higher relative abundance under stubble retention compared with
stubble removal (Figure 3a).

In the archaeal community (Figure 3b), four key species included Nitrosopumilus sp.,
Nitrososphaera sp. AFS, Nitrososphaera sp. 131_40CM_48_12, and Nitrososphaera viennensis,
and all were members of the Thaumarchaeota. Despite accounting for the greatest contri-
bution (ca. 3.4%), the relative abundance of Nitrosopumilus sp. was noticeably lower than
that of Nitrososphaera sp. AFS, which accounted for the greatest part of the community
(Figure 3b). Significantly greater relative abundance was detected under stubble retention
treatment for all species (p < 0.05, Figure 3b).
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Figure 3. Key species accounting for more than 1% of the contribution to the differentiation of soil
bacterial (a) and archaeal (b) composition by stubble management, and the relative abundance of
the key species under −stubble and +stubble treatments. Similarity percentages breakdown analysis
was performed to determine the contribution to the differentiation of microbiome composition.
The identified microbes were annotated at the species level. The symbol * indicates significance at
p < 0.05 in response to stubble treatment, based on the p-value corrected by Benjamini–Hochberg FDR.

Six key annotated KOs were identified in the soil bacterial community (Figure 4a)
and in the soil archaeal community, respectively (Figure 4b), in which two of the six KOs
were identified to have the same function. An inconsistent pattern was observed for the
relative abundance of the identified key KOs against each contribution to the associated
community, but the impact of stubble was significant (p < 0.05) on each of the identified key
KOs, regardless of community. The greatest contributor in the soil bacterial community
(Figure 4a) was the function “RNA polymerase” (K03043), which was approximately twice
as great as the function “Plant–pathogen interaction” (K02358), but had a similar relative
abundance. Both “RNA polymerase” (K03043) and “Plant–pathogen interaction” (K02358)
had a relative abundance nearly triple that of the other key functions in the bacterial
community, and both received a significantly negative impact from stubble retention
treatment (p < 0.05, Figure 4a). The treatment of stubble retention was found to only
significantly favor (p < 0.05) “ABC transporters” (K01996 and K01997) and “Oxidative
phosphorylation” (K00340).
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Figure 4. Key functions contributing to the differentiation of soil bacterial (a) and archaeal (b) micro-
biome composition by stubble management and the relative abundance of the key functions under
−stubble and +stubble treatments. Similarity percentages breakdown analysis was performed to
identify the contribution to the differentiation of microbiome composition. The identified functions
were annotated for KEGG orthologous groups in three levels. The symbol * indicates significance at
p < 0.05 in response to stubble treatment based on the p-value corrected by Benjamini–Hochberg FDR.

The function “Ribosome” (K02983) accounted for the most, nearly 0.9% of the to-
tal contribution to the soil archaeal community (Figure 4b), followed by the functions
“RNA polymerase” (K03059) and “Benzoate degradation” (K01821). Although the relative
abundance of “Ribosome” (K02983) was naturally much lower than that of “RNA poly-
merase” (K03059), it was increased to a level at which the reduced “RNA polymerase”
(K03059) fell into due to their opposite responses to stubble retention treatment (Figure 4b).
The functions “Ribosome” (K02961), “Oxidative phosphorylation” (K02122), and “Folate
biosynthesis” (K06920) were also favored by stubble retention treatment; however, each
contributed less than half of “Ribosome” (K02983).

We conducted a correlation analysis between the taxonomic and functional diversity
of different microbial kingdoms. The taxonomic alpha diversity was correlated with the
functional alpha diversity for the archaeal community (r < 0) and the fungal community
(r > 0, Figure 5a). For the beta diversity, the bacterial taxonomic composition was correlated
with its functional composition (Figure 5b). Furthermore, we examined the correlation of
the soil physical and chemical properties with the species and functional diversity across
various communities. Only the soil properties significantly affected by stubble and tillage
management were used for the analysis. SOC had no relationship with microbiome diver-
sity (data not shown). The fungal community was not influenced by the soil properties.
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Bacterial taxonomic and functional diversity exhibited positive correlations with soil total
and Colwell P, while archaeal diversity displayed negative correlations with total N and
Colwell P. Total N and Colwell P also significantly influenced the taxonomic and func-
tional structure of the bacterial microbiome, but only the functional composition of the
archaeal community.
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4. Discussion
This study assembled a gene catalog of the soil metagenome, then identified three

groups of bacterial, archaeal, and fungal communities for taxonomic and functional analysis.
We demonstrate that tillage and stubble management had distinct impacts on the soil
microbiome in different microbial kingdoms. There was no interaction between tillage
and stubble management on the species or functional composition of any of the three
communities; the individual effect of stubble management was stronger than that of the
tillage practice in influencing the composition and diversity of the prokaryotic community,
as the response of the fungal community was more stable to different cropping management
techniques. In addition, coupling of the taxonomic and functional structure was only found
in the bacterial community. The bacterial and archaeal microbiome were highly correlated
in the taxonomic and functional composition under tillage and stubble management, but
differed from the fungal community. Stubble management modulated the soil abiotic
properties, such as SOC and available P, which likely accounted for its influence on the
soil microbiome.

4.1. Effects of Stubble and Tillage Management on the Structure and Diversity of
Microbial Community

In our study, there were no effects of tillage on the structure and diversity of the
soil prokaryotic community (i.e., bacteria and archaea), but the effects of stubble on the
taxonomic and functional composition were significant. Given that stubble serves as an
additional carbon and nutrient source for soil prokaryotic organisms in the decomposition
process of plant residues [54], retaining stubble enhances the amount of organic matter
in the soil, fueling microbial activity with more energy and nutrients [55]. A strong effect
of stubble management on the taxonomic structure of soil prokaryotic communities was
also found in previous studies [28,56,57]. According to our results, changes in phylum
composition altered the taxonomic structure of prokaryotic communities. We found that
only two phyla, Proteobacteria and Chloroflexi, were sensitive to stubble management,
but with opposite responses, where a higher abundance of Proteobacteria occurred when
stubble was retained and, regarding a higher abundance of Chloroflexi, when stubble
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was removed (Figure 2a). Interestingly, the same two phyla were also identified as the
most responsive bacterial phyla to stubble retention in another study [58]. The stubble-
driven increment in SOM may have been key to the increase in Proteobacteria, because
the fast-growing copiotrophic members of the Proteobacteria were favored by the high-
C micro-environment [59]. In contrast, due to its sensitivity to the oligotrophic habitat,
Chloroflexi was less competitive in the niche with a high nutrient content [55].

In addition, this study identified the impacts of stubble retention on the functional
structure of soil prokaryotic communities. An increment in SOM decomposition and nutri-
ent release in stubble retention treatment can enhance the microbial functions associated
with carbon and nutrient (i.e., nitrogen and phosphorus) cycling to facilitate the adaption
to diverse soil conditions [35,36], such as N-fixing, nitrifying, and denitrifying functions
in the nitrogen cycle and the oxidizing functions in SOM decomposition [11,60,61]. Our
findings demonstrate that the status of soil nutrients, rather than organic carbon, affected
the functional structure of soil prokaryotic communities, although the stubble retention
increased both SOC and soil nutrients of N, P, and K (Table 1). A possible reason is that the
degradation of SOC is a prolonged and intricate process that gradually modulates the soil
microbiome over the long term [62], whereas soil nutrients can directly provide short-term
nutritional resources [63], thus exerting a more immediate impact on microbiome function
and structure.

Differently from the prokaryotic communities, the diversity and structure of fungal
community were more stable, and modulated by the stubble and tillage management to a
lesser extent; only alpha diversity was influenced by the tillage management. Similar to
our observation, higher alpha diversity was also detected when NT or minimal tillage was
applied in diverse cropping systems [64].

4.2. Key Species and Functions Determining Prokaryotic Community

The key bacterial species driving the dissimilarity in the bacterial community between
stubble retention and stubble removal treatments were the members of the Proteobacteria,
including Rhodospirillum sp., S. aerolata, and Methyloceanibacter sp. Given that Rhodospirillum
sp. is associated with crop disease occurrence [65], our result regarding its great abundance
in the stubble-retention treatment appears to align with the previous finding of higher
disease incidence when stubble was retained [66]; however, Rhodospirillum is known to be
facultative anaerobic and is not known as a causal agent [67]. Rhodospirillum sp. is known
for its ability to fix nitrogen; therefore, it might have contributed to the boost in nitrogen
fixation-related genes [68]. S. aerolata is a denitrifying bacterium carrying the nirS gene [69].
The abundance of nirS was higher in soils with organic fertilizer than in soils with mineral
fertilizer, suggesting that denitrifying micro-organisms are enriched with organic matter
addition into the soil [69], which is in line with our finding that, when stubble was retained,
the relative abundance of S. aerolata was significantly higher compared with that under
stubble removal. Methyloceanibacter sp. is recognized for its ability to perform carbon
fixation [70] and could potentially play a significant role in the carbon metabolism of the
soil microbiome.

The key archaeal species driving the dissimilarity of archaeal community between
stubble retention and stubble removal treatments were the members of Thaumarchaeota
including Nitrosopumilus and Nitrososphaera. These two genera are classified as ammonia-
oxidizing archaea (AOA) [71]. AOA are able to oxidize ammonia, a key step in the conver-
sion of atmospheric nitrogen into a biologically available form [71]. The introduction of
biochar into soil has been found to promote AOA growth, enhancing soil organic carbon, to-
tal nitrogen, and ammonium nitrogen levels, ultimately increasing energy availability [72].
The stubble retention treatment in our study created a C- and N-enriched condition, result-
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ing in the rise in AOA abundance and diversity, which might contribute to the nitrogen
cycle and improved soil quality.

The function of genetic information processing, specifically in the transcription of
RNA polymerase, played a significant role in driving the dissimilarity in the bacterial and
archaeal function structure in response to stubble treatments. In particular, the relative
abundance of these two key KOs was lower in soil samples from the stubble retention
treatment compared with stubble removal. Stubble retention increases the availability
of carbon resources in the soil, resulting in a higher proportion of genes functional for
metabolic activity [59], and might lower the relative abundance of genetic information
processing functions.

In addition to the genetic information processing functions mentioned above, “plant–
pathogen interaction” is another significant functional unit causing alterations in bacterial
functional composition. The relative abundance of this functional unit was higher in the
stubble-removal treatment than that in the stubble-retention treatment, indicating the
complex interactions between pathogens, disease-suppressive microbes, and crop residues
in the soil [13].

5. Conclusions
This study reveals the complex interplay between tillage and stubble management on

the soil microbiome, including the taxonomic and functional diversity of bacterial, archaeal,
and fungal communities. It emphasizes that tillage practices did not significantly alter the
prokaryotic community in the soil, while stubble management notably influenced both the
taxonomic and functional composition of these microbial communities. Interestingly, the
fungal community responded differently, showing that changes in alpha diversity were
linked to tillage methods. Future research will aim to isolate the beneficial microbial species
identified through metagenomic analysis in this study, screen for plant growth-promoting
microbes, and develop eco-friendly biofertilizers and biopesticides to promote sustainable
agricultural practices.
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