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Abstract: In pursuing higher rice production, we have often jeopardized soil at an alarming rate.
It is hypothesized that intensive farming practices degrade soil health and increase the abundance
of rice diseases while fallowing increases the abundance of biocontrol agents. In this study, the
bacterial community was monitored in the paddy and fallow soil. Proteobacteria, Bacteroidetes,
and Actinobacteria were abundant in the fallow soil, whereas Acidobacteria, Chloroflexi, and Gem-
matimonadetes were more abundant in the paddy soil. Among the potential biocontrol agents,
Bacillus, Thiobacillus, Rhizobium, Massilia, Rhizobacter, Streptomyces, Micromonospora, and Pseudonocardia
were more abundant in the fallow soil, while Pseudomonas and Burkholderia were more abundant
in the paddy soil. The possible rice pathogens, i.e., Xanthomonas and Erwinia, were more abundant
in the paddy soil. The alpha diversity was higher in paddy soil than in fallow soil. Additionally,
the principal coordinate analysis based on UniFrac distances revealed distinct clusters of the soils.
Moreover, the functional analysis suggested that the fallow soil was abundant in genes associated
with the biosynthesis of siderophores and secondary metabolites. In contrast, the paddy soil was
abundant in genes related to plant-pathogen interactions. In conclusion, these results highlight the
significance of fallowing to improve soil health.

Keywords: biocontrol agents; paddy soil; fallow soil; diversity; ecological functions

1. Introduction

Rice (Oryza sativa L.) is among the most important cereal crops for global food security
and is the staple food of 3.5 billion people. In the world, China is the major rice producer
and represents 40% of global rice production [1]. More than as a food crop, its residues,
such as husk and straw, are used as animal feed, to grow mushrooms, and to produce
biofuels [2]. Soil is a complex dynamic ecosystem that hosts billions of microorganisms.
These microorganisms play a significant role in maintaining soil health. Previous research
has shown that soil microorganisms are influenced by plant genotypes, cropping history,
soil types, environmental conditions, and other agricultural practices [3–5]. However,
intensive cropping systems, double-season rice cropping systems, limited crop rotations,
inappropriate management practices, and intensive usage of pesticides degrade soil health,
hamper beneficial microorganisms’ ecological services and functions, and jeopardize sus-
tainable land productivity [6]. In response to intensive pesticide applications, severe plant
diseases have emerged and caused substantial economic losses in rice crops, such as rice
blast, rice sheath blight, rice sheath rot, and bacterial leaf blight [1,7].

Previous research shows that fallowing increases soil fertility; keeping the paddy soil
fallow can enhance the abundance of beneficial soil microorganisms [8]. These beneficial
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microorganisms are biocontrol agents (BCAs) which can promote growth and yield. They
can make nutrients available to rice by solubilizing phosphate and nitrogen [9,10], reducing
abiotic stresses [11], assisting in the improvement in the root architecture [4], and protecting
crops from severe diseases. This occurs when they compete with the pathogens for nutrients
and space or when they show antagonistic activities or induce resistance [12–16]. Thus,
a well-planned cropping system increases the practical usage of natural resources and
maintains soil fertility for a long time to gain high yields of rice crops. We hypothesized
that fallow soil would have abundant biocontrol agents and fewer rice pathogens than
paddy soil. To test this hypothesis, we collected soil samples from the fallow and paddy
soil to study the effects of soil types using amplicon sequencing. This was based on next-
generation sequencing (NGS) of 16S rRNA on the diversity, composition, and functions of
the bacterial community, focusing on bacterial BCAs and rice pathogens.

2. Materials and Methods
2.1. Soil Sample Collection and Preparation

The present research was conducted in the research farms of Huazhong Agricultural
University, Wuhan, Hubei Province, China. Soil samples were collected from a 10–15 cm
depth from the paddy and fallow soils. The paddy fields were planted with the commonly
grown rice crop, and no rice crop was grown on the fallow fields. Four biological replicates
were sampled from four fields of each soil type resulting in 32 samples (Supplementary
Materials: Table S1).

2.2. Soil DNA Extraction

Soil genomic DNA was extracted from 0.5 g of freeze-dried soil using the PowerSoil
kit (MO BIO Laboratories, Carlsbad, CA, USA). The DNA quality was checked on 1.2%
agarose gel electrophoresis, and the NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, DE, United States) was used to determine the DNA purity and
concentration. The DNA was preserved at −80 ◦C before amplicon library preparation
and sequencing.

2.3. Amplicon Library Preparation and Sequencing

Amplicon library preparation and Illumina® MiSeq sequencing (Illumina, San Diego,
CA, USA) were carried out by GENEWIZ, Inc. (Suzhou, China). The 16S rRNA, V3–V4 gene
fragments were amplified by the primer pairs 338F and 806R (F: 5′-CCTACGGRRBGCASCA
GKVRVGAAT-3′ and R: 5′- GGACTACNVGGGTWTCTAATC C-3′) [17]. The PCR products
were extracted from 2% agarose gels, purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA, USA), and quantified using QuantiFluorTM-ST
(Promega, Madison, WI, USA) according to the manufacturer’s protocol. The purified
amplicons were pooled in equimolar concentrations and processed with MiSeq Reagent Kit
V2. Then 300 bp paired-end dual index sequencing was performed with an Illumina MiSeq
instrument (Illumina, San Diego, CA, USA). Raw sequences were deposited in NCBI’s
BioProject database under accession number PRJNA702203.

2.4. Bioinformatics Analysis

Raw FASTQ files were quality-filtered and merged using Quantitative Insights Into
Microbial Ecology (QIIME 2 v. 2018.11, https://qiime2.org/, accessed on 14 October 2021) [18].
The final outputs from the quality filtering and merging were a Feature Table containing ASVs
(OTUs) and a Feature Data containing sequences associated with the ASVs [19]. Potential
host plant-derived contaminants such as chloroplast and mitochondria were removed from
the Feature Table and Feature Data. Taxa assignment was carried out against the SILVA SSU
non-redundant database (132 release) [20]. The samples associated with fallow and paddy soil
were rarefied to 16,717 sequences to ensure an even sampling depth. The rarefied feature table
was then used to measure alpha and beta diversity. Alpha diversity metrics such as Observed
species [21], Shannon’s diversity index [22], Pielou’s measure of species evenness [23], Faith’s
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phylogenetic diversity [24], and Chao 1 [25] were calculated. The beta diversity metrics such
as weighted and unweighted UniFrac [26] were used to test the association of microbial
communities of the soil types. Principal coordinates analysis (PCoA) plots were visualized
using EMPeror [27]. The relative abundance of phyla, classes, orders, and families, and
all genera assumed to be possible bacterial BCAs and rice pathogens, were also calculated.
The website Jvenn was used to construct Venn diagrams of the shared and unique OTUs
(http://jvenn.toulouse.inra.fr/app/example.html, accessed on 14 October 2021).

2.5. Bacterial Community Function Prediction

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States
(PICRUSt) [28] was used to make functional inferences. Closed reference OTU picking
was performed against the Greengenes database 13.8 [29]. The OTU table was normalized
based on each organism’s expected 16S copy number. The normalized OTU table was
then used as input to make functional predictions of Kyoto Encyclopedia of Genes and
Genomes (KEGG) Ortholog (KOs). To collapse all KOs to their corresponding KEGG
pathways, KOs were classified by function. By multiplying OTU abundances by the set
of gene abundances for each taxon, the contribution of each OTU to a particular gene
function was calculated. Functional categories such as disease suppression, molecular
communication, nutrition, and other functional categories relevant to growth promotion
and plant fitness were compared between fallow and paddy soil. Statistical Analysis of
Metagenomic Profiles (STAMP) [30] was used to show the annotated table of projected
gene family counts for each sample. At a q-value filter of <0.05, all predictions were treated
to a multiple test correction using the Benjamini–Hochberg false discovery rate (FDR) [31].

2.6. Statistical Analysis

All experiments were performed with a minimum of three or more biological replicates.
The significant differences between the relative abundance of the microbial community
and their respective functional profiles of the two soil types were further explored using
the STAMP v. 2.1.3 [30]. The groups with significant differences were identified using
the Welch’s t-test with multiple testing corrections using the Benjamini–Hochberg FDR.
Q values (Benjamini–Hochberg FDR corrected p-values) < 0.05 were set as significant
levels. A pairwise Kruskal–Wallis test was conducted to analyze the alpha diversity. A
non-parametric Pairwise Permutational multivariate analysis of variance (PERMANOVA)
pairwise test (α = 0.05) [32] was performed on the beta diversity metrics to analyze the
difference in microbial composition at soil types. Figures and tables were reconstructed
using GraphPad Prism Software (San Diego, CA, USA) v. 8.0.1, Microsoft PowerPoint and
Microsoft Excel 2019.

3. Results
3.1. Sequencing Results and Quality Control

There were a total of 1,876,081 raw reads across the paddy and fallow soil input
libraries. After quality filtering and removal of the host plant, Protista DNA, and other
non-target DNAs, 988,354 reads were retained (Supplementary Materials: Table S1).

3.2. Analysis of Diversity of the Microbial Community of the Fallow and Paddy Soil
3.2.1. Rarefaction Curves Ensure an Even Sampling Depth

The samples associated with the paddy and fallow soil were rarefied to 16,717 se-
quences to ensure an even sampling depth. The rarefied feature table was then used to
measure alpha and beta diversity (Figure 1). The rarefaction curves of both soil types were
flattened upon reaching about 2000–3500 sequencing depth, suggestive that the sequencing
depth was sufficient to reliably describe the fallow and paddy soil microbial communities.

http://jvenn.toulouse.inra.fr/app/example.html
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Figure 1. Rarefaction curves of soil samples associated with the fallow and paddy soil. (a) Rarefaction
curve showed the observed OTUs against sequencing depth in each soil type; (b) Rarefaction curves
based on phylogenetic diversity (Faith_pd). Solid circles and squares indicated the means of OTU
and Faith_pd of fallow and paddy soil samples against sequencing depth.

3.2.2. Alpha Diversity and Beta Diversity

Chao 1, Phylogenetic diversity (faith-PD), Shannon index, Observed species, and Pielou’s
evenness were used to measure the alpha diversity of the bacterial communities of the fallow
and paddy soils. A significant difference with p < 0.05 for the majority of the alpha diversity
indices was observed. The alpha diversity was higher in the paddy soil than in the fallow
soil (Figure 2a–e). The bacterial community showed significant differences between the
paddy and fallow soil according to Kruskal–Wallis (pairwise) results for the alpha diversity
measurements, including Shannon index p (0.04) < 0.05, Faith-pd p (0.0001) < 0.05, Observed
species p (0.01) < 0.05, and Chao 1 p (0.002) < 0.05 (Supplementary Materials: Table S2), except
for Pielou’s evenness p (0.5) > 0.05 (Supplementary Materials: Table S2). Principal coordinate
analysis (PCoA) on the weighted and unweighted UniFrac distances showed a clear grouping
between bacterial communities of the fallow and paddy soils (Figure 2f,g). Moreover, the
PERMANOVA test with 999 permutations showed significant differences between soil types
in the bacterial community, including weighted UniFrac p (0.001) < 0.05 and unweighted
UniFrac p (0.001) < 0.05, respectively (Supplementary Materials: Table S3). In terms of OTUs
abundance, the paddy and fallow soil samples shared 520 OTUs. Approximately 2134 OTUs
were unique to the paddy soil, while 1679 OTUs were unique to the fallow soil. Higher OTUs
in the paddy soil indicated higher bacterial diversity than in the fallow soil (Figure 2h).

Figure 2. The α- and β-diversity of the bacterial community. (a) Chao 1; (b) Phylogenetic diversity;
(c) OTU richness; (d) Evenness; and (e) Shannon index. Bars represent mean; error bars denote standard
deviation; * (asterisks) over the bars represent significant differences (p < 0.05), and ns over the bars represent
non-significant differences. PCoA ordinations of the bacterial community were based on the Unweighted
UniFrac distance (f) and Weighted UniFrac distance (g). PERMANOVA determined differences in bacterial
beta diversity of the two kinds of soil, (h) Unique and shared OTUs in the two soil types.
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3.3. Microbial Community Composition
3.3.1. Bacterial Community Composition at Phyla, Class, and Order Level

The phyla Acidobacteria, Actinobacteria, Armatimonadetes, Bacteroidetes, Chloroflexi,
Firmicutes, Gemmatimonadetes, Latescibacteria, Nitrospinae, Nitrospirae, Patescibacte-
ria, Proteobacteria, Verrucomicrobia, Deinococcus–Thermus, Elusimicrobia, Fibrobacteres,
Rokubacteria, Zixibacteria, Planctomycetes, and others were detected in the paddy and
fallow soil (Figure 3a). Among these phyla, the phylum Proteobacteria largely dominated
in both the fallow and paddy soil accounting for 52% and 45% relative abundance, respec-
tively. The relative abundance of phyla Bacteroidetes and Proteobacteria was significantly
higher in the fallow soil than in the paddy soil (p < 0.05) (Figure 3a). The relative abundance
of Actinobacteria was also higher in the fallow soil than in the paddy soil. Conversely, the
relative abundance of Gemmatimonadetes, Chloroflexi, and Acidobacteria was significantly
higher in the paddy soil (p < 0.05) (Figure 3a). The relative abundance of dominant phyla
Bacteroidetes, Actinobacteria, Patescibacteria, Acidobacteria, and Gemmatimonadetes in
the fallow soil was 17.5%, 13.4%, 12.0%, 1.5%, and 1.3%, respectively (Figure 3a). However,
in the paddy soil the relative abundance of Patescibacteria, Bacteroidetes, Actinobacte-
ria, Gemmatimonadetes, Chloroflexi, and Acidobacteria was 12.4%, 12.3%, 11.5%, 6.0%,
5.7%, and 5.0%, respectively (Figure 3a). The relative abundance of Deinococcus–Thermus,
Elusimicrobia, Fibrobacteres, Rokubacteria, Zixibacteria, and Planctomycetes was very low
(0.1) in both soil types (Figure 3a). Deinococcus–Thermus and Rokubacteria were more
abundant in the fallow soil; however, phyla Elusimicrobia, Fibrobacteres Zixibacteria, and
Planctomycetes were more abundant in the paddy soil (Figure 3a).

Figure 3. Relative abundance of bacterial phyla and classes detected in the fallow and paddy soil.
(a) Dominant phyla with the relative abundance in both soil types, asterisk indicate relative abundance
of the phyla is significantly higher in that type of soil; (b) Relative abundance of bacterial classes
in both soil types, determined by Welch’s t-test with a Benjamini–Hochberg FDR test correction to
calculate q-values.
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Similarly, among the 32 classes with relative abundance 0.5% or higher, 26 were sig-
nificantly more abundant in the paddy soil, and six were significantly more abundant in
the fallow soil (Figure 3b). For example, the most abundant classes in the fallow soil were
Gammaproteobacteria, Bacteroidia, Alphaproteobacteria, Actinobacteria, Saccharimona-
dia, and Deltaproteobacteria with relative abundances 37.63%, 17.30%, 12.97%, 12.81%,
and 1.88% (Figure 3b). In contrast, the most abundant classes in the paddy soil were
Gammaproteobacteria, Saccharimonadia, Bacteroidia, Alphaproteobacteria, Actinobac-
teria, and Gemmatimonades with 31.20%, 12.39%, 12.12%, 12.06%, 10.04%, and 5.69%,
respectively (Figure 3b). Similarly, among the orders, 12 were significantly more abundant
in paddy soil, and eight were more abundant in fallow soil (Supplementary Materials:
Figure S1). The significantly higher orders in the paddy soil were Gemmatimonadales,
Gaiellales, Anaerolineales, Solirubrobacterales, and Betaproteoles, whereas the significantly
higher orders were Sphingoles and Betaproteoles (Supplementary Materials: Figure S1).
Among families, 20 were significantly more abundant in the paddy soil, and 12 were
significantly more abundant in the fallow soil (Supplementary Materials: Figure S2).

3.3.2. Bacterial Community Composition of Possible BCAs Genera

The members of the genera, i.e., Streptomyces, Rhizobium, Bradyrhizobium, Mesorhizo-
bium, Massilia, Bacillus, Paenibacillus, Thiobacillus, and Rhizobacter, have been widely used
against rice diseases, thus are regarded as BCAs. The relative abundance of Bacillus,
Thiobacillus, Massilia, Methylotenera, Micromonospora, and Pseudonocardia were significantly
higher in the fallow soil than in the paddy soil (Figure 4). However, Agromyces, Gemma-
timonas, Sphingomonas, Haliangium, and AIterythrobacter were significantly higher in the
paddy soil than in the fallow soil. The other possible BCAs, such as Streptomyces, Rhizobium,
Bradyrhizobium, Mesorhizobium, and Rhizobacter, were more abundant in the fallow soil than
in the paddy soil. Similarly, BCAs such as Pseudomonas, Burkholderia, Lysobacter, Nitrosospira,
Haliangium, and Ramlibacter were more abundant in the paddy soil than in the fallow
soil. The possible rice pathogens, i.e., Xanthomonas, Pseudoxanthomonas, and Erwinia, were
relatively higher in the paddy soil than in the fallow soil (Figure 4).

Figure 4. Relative abundances of possible BCAs and pathogenic rice genera. Relative abundance of
39 BCAs and pathogenic rice genera, determined by Welch’s t-test with a Benjamini–Hochberg FDR
test correction to calculate q-values.
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3.4. High Abundance of Functional Categories Related to Disease Suppression in the Fallow Soil
Than the Paddy Soil

Functional categories, such as molecular communication, plant nutrition, plant adapt-
ability to disease, and other functional categories relevant to growth promotion and plant
fitness, were compared between the fallow and paddy soil (Figure 5). In terms of molec-
ular communication, the fallow soil exhibited a significantly higher relative abundance
of genes coding for secretion systems and bacterial chemotaxis functions than the paddy
soil (Figure 5). In contrast, the paddy soil showed a higher relative abundance of DNA
replication, translation, transcription, RNA biosynthesis, and transport genes than the
fallow soil. For plant nutrition, nitrogen metabolism genes and plant-pathogen interactions
genes were higher in the paddy soil, whereas calcium signaling was significantly higher
in the fallow soil. Furthermore, for disease suppression, biosynthesis of siderophores,
drug metabolism, toxins, biosynthesis of secondary metabolites, and antibiotics such as
streptomycin were significantly higher in the fallow soil than in the paddy soil (Figure 5).

Figure 5. Extended error bar plot illustrating the mean proportion (%) significantly different func-
tional groups at KEGG level 3. Points represent differences between the fallow and paddy soil (pink
and green). Welch’s t-test was performed with a Benjamini–Hochberg FDR test correction to calculate
q-values.
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4. Discussion

The microbial composition and structure significantly influence soil fertility and
health [33,34]. Moreover, soil microorganisms have an essential role in plant health and are
considered the second genome of the plants [35]. Therefore, there is a need to understand
the microbial composition, diversity, and ecological functions in different soil types to
obtain information about the bacterial BCAs and plant pathogens that might influence the
life of plants [35].

In our study, the alpha diversity of the bacterial community was reduced in the fallow
soil but increased in the paddy soil. Less diversity of the bacterial community in the
fallow soil forces us to speculate that it might be due to the failure of many bacterial
communities grown under fallow conditions. The increase in the diversity of the bacterial
community in the paddy soil may result from the increased levels of fertilizers inputs in the
paddy soil than in the fallow soil. Moreover, the fertilizers enhanced the decomposition of
organic matter, and the decomposition of organic matter increased microbial diversity [36].
Previous studies reported that this increase in alpha diversity in the paddy soil might
also result from higher annual fluxes of organic carbon turnover stemming from plant
productivity and litter input [37]. Furthermore, numerous studies also showed that root
exudates of rice crops containing acids such as phenolic and organic acids in the paddy soil
also affect microbial diversity [38]. Hence the continuous input of organic and inorganic
fertilizers and root exudates may have increased the microbial diversity in the paddy soil.

According to earlier studies, these six phyla, i.e., Proteobacteria, Bacteroidetes, Acti-
nobacteria, Chloroflexi, Acidobacteria, and Patescibacteria, are the most dominant and
ubiquitous in soil [39,40]. Phyla Proteobacteria, Actinobacteria, and Bacteroidetes ac-
count for higher abundance in metabolism and genetics, even in other soil types, and
most of their members are decomposers [33,41]. Previous studies have also shown that
low nutrient levels favor Proteobacteria and Actinobacteria in agroecosystems across the
globe. Several genera under these phyla are beneficial and most dominant in the disease
suppressive soils [42]. Furthermore, Proteobacteria and Actinobacteria follow the copi-
otroph/oligotroph hypothesis [43], which postulates that oligotrophic bacteria are more
abundant in soil with low nutrient levels. In our study, most likely due to low nutrients in
the fallow soil, both phyla follow the copiotroph/oligotroph hypothesis. Moreover, Acti-
nobacteria and Firmicutes are reported to reduce Fe3+ to Fe2+ and generate siderophores
and secondary metabolites; all these qualities make these phyla beneficial [44]. In our study,
phyla Proteobacteria, Actinobacteria, Bacteroidetes, and Firmicutes exhibited a very high
abundance in the fallow soil than the paddy soil, suggesting that fallowing might favor
crop growth and health.

The remaining phyla, i.e., Chloroflexi, Nitrospirae, Gemmatimonadetes, Verrucomicro-
bia, and Patescibacteria, also have a crucial ecological role. Chloroflexi includes facultative
anaerobic and heterotrophic oligotrophs genera that can survive on recalcitrant plant
polymers [45]. Nitrospirae consists of mostly uncultured nitrite-oxidizing genera. They
can mobilize soil N and enhance its mineralization and availability to plants [46]. The
members of Gemmatimonadetes flourish in phosphorus and organic material-rich soils
and can modulate carbon and nitrogen [47]. Previous studies revealed that the members
of Verrucomicrobia promote growth, colonize rice roots, and play a significant role in the
degradation of polysaccharides and carbon cycling [48]. As far as Acidobacteria assem-
blage is concerned, it is selected explicitly by soil type having high organic matter. This
indicates that carbon sources present in paddy soil were a significant factor in increasing
the abundance of this phylum [49]. In our study, the phyla Chloroflexi, Verrucomicrobia,
Patescibacteria, Gemmatimonadetes, Acidobacteria, and Nitrospirae were observed to be
more abundant in the paddy soil than in the fallow soil. Hence, soil conditions cannot be
denied and play a significant role in determining the bacterial community in soil types.

Siderophore production and secondary metabolites biosynthesis can be associated
with suppressing diseases [50].
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Most of the species of genera such as Bacillus, Rhizobium, Burkholderia, Bradyrhizo-
bium, Lysobacter, Rhizobacter, and Streptomyces are plant growth promoters and produce
siderophores and secondary metabolites to suppress plant diseases. Some of the members
of genera, i.e., Bacillus, Bradyrhizobium, and Rhizobium, are also well known for solubilizing
phosphates. Moreover, strains of genus Massilia reduce nitrates, suggesting an essential
role as plant growth-promoting bacteria [35,44,51]. In addition, members in the genus Rhi-
zobium are well-known, plant-associated nitrogen fixers [52]. In our study, the high relative
abundances of possible BCAs and their predicted functions (using tools such as PICRUSt)
including siderophore production and biosynthesis of secondary metabolites including
streptomycin, an important suppressive antibiotic in fallow soil compared to paddy soil,
was a key finding. This might be because most BCAs, especially in the phyla Firmicutes
and Actinobacteria, prefer to survive under the fallow soil which has dry soil conditions
than in the paddy soil [42,43]. Moreover, these phyla capable of utilizing recalcitrant carbon
sources are highly present in arid nutrient-poor soil, in our case fallow soil [53,54]. However
Proteobacteria has been shown to accumulate in irrigated or non-irrigated soil [8,54].

Xanthomonas oryzae pv. oryzae (Xoo) is widely prevalent in all rice-growing areas of the
world and causes Bacterial Leaf Blight [55]. In contrast, Erwinia uredovora is responsible
for the discoloration of rice grains [56]. In our study, Xanthomonas and Erwinia were more
abundant in the paddy soil. The results of this study can be used as a baseline for further
research focusing on BCAs and pathogens in soil types.

5. Conclusions

In conclusion, paddy soil has a distinct bacterial diversity and composition than
fallow soil. Compared to the paddy soil, the fallow soil microbiome is anticipated to have
more functions that support plant growth and suppress plant diseases. BCAs were more
abundant in the fallow soil than in the paddy soil. In contrast, the relative abundance of
rice pathogens was significantly higher in the paddy soil. A high abundance of BCAs in the
fallow soil and fewer pathogens suggested that rice diseases can be minimized by keeping
paddy soil fallow for a certain period.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12020431/s1, Figure S1: Significantly abundant orders in the fallow and paddy
soils as determined by Welch’s t-test using the Benjamini–Hochberg p-value correction (p < 0.05),
Figure S2: Significantly abundant families in the fallow and paddy soils as determined by Welch’s
t-test using the Benjamini–Hochberg p-value correction (p < 0.05), Table S1: Read counts of
paddy and fallow soil samples after removal of chloroplast, mitochondria, and potential host
DNA, Table S2: The Pairwise Kruskal-Wallis comparisons of alpha diversities in each soil type,
Table S3: Permutational MANOVA results using weighted and unweighted UniFrac distances for
the soil types.
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