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Abstract: The root microbiota plays a crucial role in assisting the plant host in combating various biotic
and abiotic stresses, notably drought, which poses a significant threat to global food security. Despite
extensive efforts to understand the shifts in rhizosphere and endosphere bacteriomes, there remains a
gap in comprehending how drought stress influences the co-occurring network patterns within these
compartments and their ecological functional potentials. To address this gap, a pot experiment was
conducted with two treatments: continuous flooding as a control and drought treatment. Bulk soil,
rhizosphere, and endosphere samples were collected and subjected to high-throughput sequencing
and bioinformatics analysis. The results revealed that drought stress significantly reduced the rice
biomass but increased the Shannon diversity index in both the rhizosphere and endosphere bacterial
communities with no observable effect on richness across compartments. Additionally, drought
treatment markedly altered the community structure and bacterial assemblages in these compart-
ments, resulting in the specific enrichment of Actinobacteriota, Gemmatimonadetes, and Patescibacteria,
while Bacteroidetes and Firmicutes were depleted in the rhizosphere and endosphere. Furthermore,
drought heightened the complexity of the co-occurring networks and the proportions of positive
links across all sampling compartments; this effect was accompanied by an increase in the number of
connectors in the bulk soil and rhizosphere, as well as module hubs in the rhizosphere. Functional
potential prediction indicated that drought stress significantly altered multiple potential ecological
functions across all sampling compartments, particularly enriching functions related to the oxidation
of sulfur, manganese, and hydrogen in the bulk soil, while functions associated with iron oxidation
were significantly depleted in the rhizosphere. Overall, our results demonstrate that under drought
stress, rice may specifically enrich certain bacterial taxa and enhance their positive interactions within
its root system to improve adaptation.

Keywords: network; drought; stress gradient hypothesis; functional potential

1. Introduction

In the context of climate change, widespread and frequent droughts pose a serious
threat to global food security [1]. Uncovering the mechanisms through which crops adapt
to drought and then improving their tolerance to drought stress have become a crucial
topic in contemporary agricultural science research [2]. Accumulating evidence highlights
that rhizosphere and endosphere bacteriomes assume a critical role in mitigating a variety
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of stresses in crops, including drought stress, and the diverse beneficial services provided
by root microbiota have thus received increasing attention [3]. Accordingly, systematic
investigation of the shift patterns of bacterial communities within (i.e., endosphere) and
around the crop root (i.e., rhizosphere) in response to drought stress, and deciphering
microbes that help crops adapt to drought stress and mechanisms thereof, will help improve
crop drought tolerance via engineering the rhizosphere microbiota [4].

It has been extensively demonstrated that there is a conservative successional pattern
of root bacterial communities across plants in response to drought stress [4–6]. For example,
Naylor et al. [7] showed that the rhizosphere and endosphere of 18 plant species, including
several major crops, were generally enriched in Actinobacteriota under drought stress. Xu
et al. [8] found that the root system of sorghum, a drought-tolerant crop, was specifically
enriched in monoderm Actinobacteriota and Firmicutes under drought treatment, while the
relative abundances of diderm Gram-negative taxa such as Bacteroidetes and Proteobacteria
were generally depleted; hence, they proposed the hypothesis of the ‘monoderm-diderm’
mechanism for plant drought tolerance [8]. Furthermore, there are differences in the re-
sponse magnitude of rhizosphere and endosphere microorganisms to drought stress [7–11].
For example, Santos-Medellín et al. [9]. found that changes in bacterial assemblage were
more pronounced in the endosphere under drought stress compared to the rhizosphere
compartment. Fitzpatrick et al. [11] showed that drought stress exerted a stronger influence
on the endosphere bacteriome across 30 angiosperm species, and Naylor et al. [7] observed
a more conspicuous enrichment of Actinobacteriota in the endosphere. Overall, substantial
insight has been gained regarding the effects of drought stress on the microbial assemblage
of plant roots [2,4,5]; however, the influence of drought stress on the potential ecological
functions of rhizosphere and endosphere bacteriomes has rarely been examined. Moreover,
as ‘hotspots’ of microbial activities, microbes residing in the plant rhizosphere and endo-
sphere typically form complex ecological networks through myriads of interactions [12,13].
Recent studies demonstrated that changes in root microbial networks profoundly affected
the growth performance and stress resistance of the plant host [13,14]. Therefore, unveiling
the impact of drought stress on root bacterial co-occurrence patterns will further deepen
our understanding of the mechanisms by which microbes assist crops in enduring drought;
however, associated studies are still scarce.

Rice, a crucial staple crop, feeds over 50% of the global population. Due to its semi-
aquatic nature, rice production is highly vulnerable to drought stress [15]. In recent years,
extreme high temperatures and drought conditions have frequently afflicted multiple
rice-growing regions around the world, especially the middle and lower reaches of the
Yangtze River, one of the most important crop production regions in China. However, there
are currently no reports on the effects of drought stress on the diversity of the rice root
bacteriome in this region. Consequently, it is still unclear how the co-occurring patterns and
functional potential of the root bacterial community in this region respond to drought stress.
Hence, this study focuses on the waterloggogenic paddy soil typical of the lower Yangtze
River region and a rice variety widely planted therein. Leveraging the high-throughput
sequencing technology combined with bioinformatic analysis, the work aims to reveal
shifts in the diversity and potential ecological functions of rice rhizosphere and endosphere
bacterial assemblages under drought stress. Additionally, it seeks to explore how drought
stress impacts bacterial co-occurring networks, thereby improving our understanding of
its effects on crop root microbiomes. Ultimately, this work may serve as a foundation for
identifying potential drought-resistant probiotic strains.

2. Materials and Methods
2.1. Soil Sampling and Basic Soil Properties

The tested soil was collected from the Jiaxing Soil Quality National Observation
and Research Station (E 120◦25′01′′, N 30◦26′04′′) (Figure 1), situated in Jiaxing City, a
major rice-producing region in the lower reaches of the Yangtze River. The soil at the
experimental station is typical waterloggogenic paddy soil. Soil samples were collected
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at a depth of 0–20 cm using a hand shovel subsequently sieved through a 2 mm mesh to
remove stones and plant residues. Prior to the potting experiment, the basic physical and
chemical properties of the soil were as follows: pH 5.70, soil organic matter 28.7 g kg−1,
total nitrogen (TN) 1.45 g kg−1, total phosphorus (TP) 1.48 g kg−1, total potassium (TK)
17.22 g kg−1, alkali-hydrolyzable nitrogen (AN) 138.64 mg kg−1, available phosphorus
(Olsen P) 94.56 mg kg−1, available potassium 85.32 mg kg−1.

Agronomy 2024, 14, x FOR PEER REVIEW 3 of 13 
 

 

rice-producing region in the lower reaches of the Yangtze River. The soil at the experi-
mental station is typical waterloggogenic paddy soil. Soil samples were collected at a 
depth of 0–20 cm using a hand shovel subsequently sieved through a 2 mm mesh to re-
move stones and plant residues. Prior to the potting experiment, the basic physical and 
chemical properties of the soil were as follows: pH 5.70, soil organic matter 28.7 g kg−1, 
total nitrogen (TN) 1.45 g kg−1, total phosphorus (TP) 1.48 g kg−1, total potassium (TK) 17.22 
g kg−1, alkali-hydrolyzable nitrogen (AN) 138.64 mg kg−1, available phosphorus (Olsen P) 
94.56 mg kg−1, available potassium 85.32 mg kg−1. 

 
Figure 1. The location of soil sampling site. 

2.2. Pot Experiment and Sample Collection 
Two treatments comprising continuous flooding control and drought were estab-

lished for the potting experiment; while corresponding unplanted controls were set up for 
bulk soil collection, all treatments were composed of four replicates (n = 4). Oryza sativa 
subsp. japonica cv. Jia 67, a widely grown rice cultivar in the Jiaxing area, one of the im-
portant rice-growing areas in China, was used in this study. Dehulled seeds were surface 
sterilized by 10% H2O2 (v/v) for 10 min before being washed five times with sterile water. 
The seeds were arranged on a Petri dish at 30 °C for germination. Individual germinated 
seedings were then transformed into Kimura B nutrient solution for another 15 days of 
growth before planting. For pot establishment, each polyethylene pot (height 17 cm, di-
ameter 15 cm) was filled with fresh soil equivalent to 1.5 kg of dry soil; after one week of 
flooding, two rice seedlings with uniform growth were transplanted into each pot, fol-
lowed by the application of one single dose of fertilizer solution. The final fertilizer rates 
were 100 mg N kg−1, 20 mg P kg−1, and 80 mg K kg−1 in the form of ammonium sulphate, 
calcium superphosphate, and potassium chloride, respectively. The pots were then ran-
domly placed in the growth chamber and rearranged periodically. 

After 25 days of continuous flooded incubation, the soil moisture was controlled by 
weighing to facilitate subsequent implementation of drought treatment. Drought treat-
ments were initiated on day 30 after transplanting; half of the samples were randomly 
selected to stop irrigation, and the other half remained flooded. During the drought pe-
riod, the drought treatment was supplemented with 50–200 mL of deionized water every 
2 days to avoid possible rice mortality due to excessive dehydration, and the maximum 
soil moisture content of the drought treatment was 20% after watering in droughted pots, 
while the control pots were kept flooded. At 28 days after the drought treatment (day 58 
after transplanting), plant and soil samples were destructively collected, with two rice 
plants per pot composited as one sample. Soil samples from the drought treatment were 
passed through a 2 mm sieve, while soils from the control were collected into sterile plastic 
bags after thorough mixing with a glass rod in a beaker. Rhizosphere and endosphere 
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2.2. Pot Experiment and Sample Collection

Two treatments comprising continuous flooding control and drought were established
for the potting experiment; while corresponding unplanted controls were set up for bulk
soil collection, all treatments were composed of four replicates (n = 4). Oryza sativa subsp.
japonica cv. Jia 67, a widely grown rice cultivar in the Jiaxing area, one of the important
rice-growing areas in China, was used in this study. Dehulled seeds were surface sterilized
by 10% H2O2 (v/v) for 10 min before being washed five times with sterile water. The seeds
were arranged on a Petri dish at 30 ◦C for germination. Individual germinated seedings
were then transformed into Kimura B nutrient solution for another 15 days of growth before
planting. For pot establishment, each polyethylene pot (height 17 cm, diameter 15 cm) was
filled with fresh soil equivalent to 1.5 kg of dry soil; after one week of flooding, two rice
seedlings with uniform growth were transplanted into each pot, followed by the application
of one single dose of fertilizer solution. The final fertilizer rates were 100 mg N kg−1, 20 mg
P kg−1, and 80 mg K kg−1 in the form of ammonium sulphate, calcium superphosphate,
and potassium chloride, respectively. The pots were then randomly placed in the growth
chamber and rearranged periodically.

After 25 days of continuous flooded incubation, the soil moisture was controlled by
weighing to facilitate subsequent implementation of drought treatment. Drought treatments
were initiated on day 30 after transplanting; half of the samples were randomly selected
to stop irrigation, and the other half remained flooded. During the drought period, the
drought treatment was supplemented with 50–200 mL of deionized water every 2 days
to avoid possible rice mortality due to excessive dehydration, and the maximum soil
moisture content of the drought treatment was 20% after watering in droughted pots, while
the control pots were kept flooded. At 28 days after the drought treatment (day 58 after
transplanting), plant and soil samples were destructively collected, with two rice plants
per pot composited as one sample. Soil samples from the drought treatment were passed
through a 2 mm sieve, while soils from the control were collected into sterile plastic bags
after thorough mixing with a glass rod in a beaker. Rhizosphere and endosphere samples
were collected as proposed by Edward et al. [16], and all samples were quickly stored in a
−80 ◦C refrigerator for subsequent DNA extraction. The remaining samples, including the
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shoot compartment, were washed thoroughly using deionized water and dried at 80 ◦C
until constant weight for determination of the plant biomass.

2.3. DNA Extraction and PCR Amplification

DNA was extracted from 500 mg of soil using the Fast DNA SPIN Kit for soil with a
FastPrep-24 machine (Qbiogene, Montréal, QC, Canada). The extraction of microbial DNA
from the endosphere was performed according to the previous report [17]. All DNA sam-
ples were assessed for DNA concentration and purity using 1% agarose gel electrophoresis
and a Nanodrop UV spectrophotometer (Thermal fisher, Waltham, MA, USA).

The bacterial 16S rDNA V3-V4 region was amplified using the barcoded primer pair
322F-A/(5′-ACGGHCCARACTCCTACGGAA-3′)/796R(5′-CTACCMGGGGTATCTAATCC
KG-3′) [17], since it can effectively reduce the amplification of mitochondrial and chloroplast
16S rDNA of the plant host while sufficiently covering the rhizosphere and endosphere
bacterial diversity [17]. Detailed amplification conditions and reaction mixtures have been
described previously [17]. The amplification products were recovered by gel purifica-
tion and then subjected to high-throughput sequencing using the Illumina-MiseqPE300
platform.

2.4. Bioinformatic Analysis

The raw sequence data were processed with the QIIME2 pipeline [18]. Briefly, raw
reads were demultiplexed with the ‘demux’ plugin, then merged with the ‘joined-pairs’
function in the ‘vsearch’ plugin. The merged sequences were denoized with the ‘deblur’
plugin with a trim-length of 450bp, followed by chimer-filtering with the ‘uchime-denovo’
script. The final valid sequences were clustered into operational taxonomic units (OTUs)
at a 97% similarity threshold and taxonomized with Naïve Bayes classifier based on the
SILVA database (release132).

The potential ecological function of each OTU was inferred with FAPROTAX software
(version 1.2.10) [19]. The networks were constructed with the ‘SpiecEasi’ method [20], and
the topological properties were calculated with the ‘microeco’ package [21].

2.5. Statistical Analysis

All statistical analyses were conducted under the R environment (version 4.0.2) [22].
Briefly, one-way ANOVA combined with post hoc multiple comparisons were used to
assess differences in moisture content, plant biomass, and bacterial α diversity indexes
among groups. Shift in bacterial community structure was assessed with principal coordi-
nate ordination (PCoA) based on the Bray–Curtis dissimilarity matrix, and the significance
of the sampling compartment and treatment effects was assessed using permutational mul-
tivariate ANOVA (PERMANOVA) (1000 permutations) with the ‘vegan’ package (version
2.6-4) [23]. The edgeR package (https://bioconductor.org/packages/release/bioc/html/
edgeR.html) was used to identify OTUs with significant differences in abundance between
treatments [24].

3. Results
3.1. Influences of Drought Stress on Soil Moisture Content and Rice Biomass

Drought treatment resulted in a significant decline in soil moisture content (Figure 2A),
and the soil moisture content of planted pots decreased further due to the transpiration of
rice, compared with the unplanted control, but did not reach a significant level (p > 0.05).
Compared with the CK, the drought treatment caused a 40% decrease in the rice biomass
(Figure 2B), indicating a symptom of drought stress.

https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
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3.2. Influences of Drought Stress on α- and β-Diversity as Well as Community Assemblage
of Bacteria

Final valid sequences were rarefied to 61,610 reads per sample, which were clustered
into 1920 OTUs. The richness and Shannon’s α-diversity indexes showed a decrease along
the order of bulk soil, rhizosphere, and especially endosphere (Figure 3A,B). ANOVA
indicated that the richness and Shannon diversity were significantly lower in the endo-
sphere than in the bulk soil and rhizosphere, whereas there was no significant difference in
richness between the rhizosphere and bulk soil (Figure 3A). Drought showed no significant
influence on the bacterial richness of different compartments (Figure 3A), but significantly
increased the Shannon indexes of the rhizosphere and endosphere (Figure 3B)
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PCoA analysis revealed that the first principal axis captured 54% of the total variation
in the bacterial community assemblage and primarily reflected the effect of the compart-
ment (Figure 3C); samples of bulk soils, rhizosphere, and endosphere were distributed
along this axis, and endosphere samples were far away from other compartments, sug-
gesting a contrasting difference in the community assemblage among compartments. The
second axis accounted for 18% of the variance corresponding to the effect of drought, and



Agronomy 2024, 14, 1662 6 of 13

endosphere samples from different treatments were further away from each other than
the rhizosphere and bulk soil, implying a stronger effect of drought on the endosphere
bacterial community than those of the rhizosphere and bulk soil. The effect of drought
and compartments were further confirmed by PERMANOVA; meanwhile, the interaction
between these factors was also significant (p < 0.001, R2 = 0.15).

Clear differences in the community composition were observed among different
compartments at the phylum level (Figure 3D). Specifically, the communities of bulk soil
were more diverse and homogeneous than other compartments and consisted mainly of
several dominant phyla such as Proteobacteira, Actinobacteriota, Firmicutes, Acidobacteriota,
and Gemmatimonadota, while the community of the rhizosphere and endosphere, especially
the latter one, were dominated by few phyla including Proteobacteria, Actinobacteriota, and
Firmicutes. Drought resulted in the decline of the relative abundance of Firmicutes in the
rhizosphere and endosphere while it increased the proportion of Actinobacteriota in both
compartments, particularly the endosphere.

3.3. Community Composition of Bacteria at Genus Level in Different Compartments

At the genus level, ANOVA analysis within each treatment revealed specific en-
richments across compartments. In the CK treatment (Figure 4A), 26 genera were no-
tably enriched in the bulk soil, including Gemmatimonas, SJA-15, Ellin6067, Methylobac-
ter, and Methylocaldum, etc. The rhizosphere showed enriched relative abundances of
12 genera, including Pseudarthrobacter, Reyranella, Methylobacter, and Methylocaldum. Mean-
while, the endosphere exhibited specific enrichments of 36 genera, such as Exiguobacterium,
Anaeromyxobacter, Aeromonas, and Streptomyces. In the drought treatment, 33 genera were
significantly enriched in the bulk soil, including Gemmatimonas, Ellin6067, Ramlibacter, and
Thiobacillus; the droughted rhizosphere specifically enriched Sphingomonas, Paracoccus, and
Mesorhizobium, among 9 other genera. Forty genera, including Streptomyces, Exiguobacterium,
Anaeromyxobacter, and Pseudomonas, etc., were specifically enriched in the endosphere.
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3.4. OTUs Significantly Changed under Drought Treatment

Differential analysis indicated that 691 OTUs were significantly affected by drought
treatments across compartments (Figure 5). Among these, the proportions of 140, 102, and
180 OTUs decreased in the bulk soil, rhizosphere, and endosphere, respectively (Figure 5A),
whereas 168, 123, and 240 OTUs were enriched in their droughted counterparts, respectively
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(Figure 5B). Only a limited number of OTUs decreased or increased across all compartments
simultaneously, while around 70% of altered OTUs in the endosphere were specific to this
compartment.
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Figure 5. The numbers of OTUs significantly depleted (A) or enriched (B) by drought treatment, along
with the taxonomical composition of OTUs showing significant changes in relative abundances due
to drought treatment (C). Only the top 12 dominant phylum are shown in Figure (C); the innermost
ring is colored by corresponding phylum of each taxon; the three outermost rings indicate the shift in
relative abundance of each taxon in endosphere (ES), rhizosphere (RS), and bulk soil (BS) in response
to drought treatment.

In detail, OTUs that were significantly altered by drought were distributed in 25
phyla including Proteobacteria, Actinobacteriota, Firmicutes, Myxomycota, and Bacteroidota
(Figure 5C). Among these, OTUs enriched by drought treatment primarily came from
Actinobacteriota, Gemmatimonadota, and Patescibacteria (Figure 5C). The enrichment of Acti-
nobacteriota was particularly conspicuous in the endosphere, with many unique to this
compartment. At the genus level, these primarily included Nocardioides, Streptomyces, and
Conexibacter. In contrast, Patescibacteria enriched in either the rhizosphere or endosphere
were largely consistent and belonged to Saccharimonadales. OTUs significantly depleted
under drought treatment primarily belonged to Firmicutes, Bacteroidetes, and Desulfobac-
terota; however, approximately 44% of Firmicutes OTUs were also enriched in the droughted
endosphere. Unlike others, altered OTUs from Myxomycota, Chloroflexi, and Proteobacteria
did not exhibit consistent response patterns to drought treatment.

3.5. Network Analysis

Co-occurring network analysis revealed a decrease in topological complexity across
treatments in the order of bulk soil, rhizosphere, and endosphere (Figure 6). Topological
attributes such as node number, edges, and average degree were markedly smaller in the
endosphere compared to the rhizosphere and bulk soil (Table 1). Specifically, drought
conditions increased the number of nodes and edges in all compartments, indicating
heightened complexity in bacterial co-occurring networks. However, drought decreased
the proportion of negative edges (Table 1) and increased the average degree and average
path length in the bulk soil and rhizosphere networks, as well as the clustering and
modularity coefficients in the bulk soil and endosphere networks. Node attribute analysis
revealed no network hubs across compartments and treatments. Drought increased the
number of connectors in the bulk soil and rhizosphere, as well as module hubs in the
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rhizosphere, while decreasing module hubs in the bulk soil. No module hubs or connectors
were identified in the endosphere networks.
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Table 1. The topological properties of networks of different compartments under different treatments.

Topological Attributes Bulk Soil Rhizosphere Endosphere

CK Drought CK Drought CK Drought

No. of nodes 592.000 616.000 382.000 544.000 35.000 53.000
No. of edges 1213.000 1302.000 663.000 1095.000 28.000 36.000

Average degree 4.098 4.227 3.471 4.026 1.600 1.359
Average path length 6.897 6.906 6.007 7.200 2.578 1.529

Diameter 18.000 18.000 16.000 19.000 7.000 4.000
Clustering coefficient 0.456 0.459 0.503 0.438 0.182 0.261

Density 0.007 0.007 0.009 0.007 0.047 0.026
Centralization coefficient 0.022 0.021 0.030 0.020 0.071 0.032

Modularity 0.790 0.791 0.803 0.794 0.752 0.921
Proportion of negative edges 0.525 0.489 0.425 0.258 0.464 0.361

No. of module hubs 4.000 1.000 - 4.000 - -
No. of connectors 6.000 13.000 4.000 7.000 - -

No. of network hubs - - - - - -

3.6. Effect of Drought on Ecological Functional Potentials

FARPROTAX-based analysis revealed that drought induced significant alterations in
17, 6, and 6 functional pathways within the bulk soil, rhizosphere, and endosphere, respec-
tively, with predation and ectoparasitism being the only pathways that increased signifi-
cantly across all compartments (Figure 7). Specifically, drought increased the prevalence of
the chitinolytic pathway in both the rhizosphere and endosphere, as well as aerobic chemo-
heterotrophy and chemoheterotrophy in the bulk soil and endosphere. Conversely, drought
decreased fermentation in both the bulk soil and rhizosphere, and aromatic compound
degradation in the bulk soil and endosphere. Notably, the drought treatment significantly
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enriched the functional potential associated with sulfur oxidation while decreasing iron
respiration, specifically in the rhizosphere.
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4. Discussion

The rhizosphere and endosphere bacteriomes are integral components of the ‘holo-
biont’, playing crucial roles in soil nutrient transformation and aiding the plant host in
resisting myriads of biotic and abiotic stresses [25]. Consequently, microbial diversity,
including community structures and co-occurrence patterns, in these environments is
strongly influenced by the plant host and increasingly differs from that of the surround-
ing soil (i.e., bulk soil) due to the ever-strengthening selection pressure exerted by the
plant host [3,13,26]. Our work reaffirms this phenomenon, as evidenced by several key
findings: (i) α-diversity, particularly the Shannon index, sequentially decreased in the
rhizosphere and endosphere bacterial communities compared to the bulk soil; (ii) network
complexities similarly decreased; and (iii) the community structure and dominant bacterial
taxa in the rhizosphere and endosphere differed markedly from those in the bulk soil.
Specifically, the rhizosphere and endosphere bacteriomes were dominated by Proteobacteria
(e.g., genera such as Pseudomonas, Mesorhizobium, and Sphingomonas, etc.), Firmicutes (e.g.,
Exiguobacterium), and Actinobacteriota (e.g., Streptomyces). While similar findings have been
extensively reported [8,9,13,16,27], our results revealed a notable difference: the typically
dominant phylum Bacteroidetes was underrepresented in the roots of the tested rice cultivar.
This discrepancy may be attributed to its low abundance in the soil from which the plant
was cultivated; after all, the soil serves as a microbial “seed bank” [16,23]. Alternatively,
it might be due to the primer pairs used in this study. Nonetheless, Chen et al. demon-
strated that their amplification bias was slightly different from those of other conventional
primers, particularly affecting Chloroflexi and Verrucomicrobia [17]. Our findings thus lend
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further support for the perspective that the soil environment plays a pivotal role in shaping
microbial communities in the rhizosphere and endosphere of plant hosts.

Drought treatment significantly altered the Shannon diversity index of the rhizosphere
and endosphere bacterial communities but had no significant effect on the richness in-
dex. This suggests that the plant host reshaped the community structure by changing
the population evenness in these compartments under drought stress. While shifts in the
α-diversity of the root bacteriome in response to drought have been widely reported across
various crops and rice varieties [7–11], our results differ from previous studies in that
drought increased rather than decreased the α-diversity of the root bacteriome [5,7,11].
Undoubtedly, the soil type and rice cultivar are crucial factors governing the response
patterns of root bacterial α-diversity to drought treatment [28]. Furthermore, in paddy soils,
drought can reduce nutrient diffusion and availability, increase oxygen supply and soil
microsite heterogeneity, alter the quality and quantity of root exudates [28,29], and elevate
root slough-offs [30]. These changes contrast sharply with the relatively homogenized con-
ditions found under flooded environments [6], thus potentially providing more diversified
niches for microbes [30]. As such, drought treatment in the tested soil may prevent a few
phyla from dominating the community assemblage.

In consistence with earlier findings [4,5,7,9,10], our results confirm that drought stress
significantly alters the community composition of rhizosphere and endosphere bacteria,
consistently enriching taxa such as Gemmatimonadetes, Patescibacteria, and Actinobacteriota,
among others. Accumulating evidence suggests that Gemmatimonadetes thrives in envi-
ronments with low moisture content [31], while Actinobacteriota (e.g., Streptomyces and
Nocardioides), adhering to the ‘monoderm–diderm’ hypothesis, possess thicker cell walls
and can produce spores and osmoregulatory compounds to adapt to and tolerate drought
conditions [4,5,8]. Meanwhile, Streptomyces strains, known for synthesizing antibiotics
and plant hormones [32], may aid in modulating plant adaptation to drought by altering
the rhizosphere microbial community and influencing plant growth performance [8,10].
Similarly, Patescibacteria isolates have been demonstrated to own capabilities in enhancing
plant growth under drought stress [33]. However, although Firmicutes, a representative of
monoderm bacteria, has been identified as an indicator taxon for drought stress in various
plants, we did not observe their enrichment in the roots of the tested rice cultivar. Likewise,
Santos-Medellín et al. [9] and Li et al. [28] reported a decrease in the relative abundance
of most Firmicutes genera in other rice cultivars under drought stress. Hence, it appears
that the response of root Firmicutes to drought stress is more influenced by the plant host
than their intrinsic abilities to drought tolerance. Therefore, the enrichment with specific
bacterial taxa under drought stress largely reflects the mechanism of ‘crying for help’ of the
plant host [34].

Our results indicate that drought treatment led to changes in the bacterial co-occurring
networks across compartments, resulting in the increased complexity of networks and
a greater proportion of positive connections. This suggests that microorganisms may
strengthen their collaboration in response to environmental pressures during drought
conditions. A similar pattern was observed in a study on the rhizosphere and endosphere
bacteria of wild rice (Oryza longistaminata) [35]. Yuan et al. [36] also noted that prolonged
warming coupled with decreasing soil moisture content amplified the complexity of soil
bacterial co-occurrence networks, particularly the proportion of positive links. Hernan-
dez et al. [37] reported a progressive rise in the proportion of mutualistic relationships
in soil microbial networks under environmental stresses across a gradient of soil water
availability and nutrient levels in a shrub stand. Furthermore, these results align well with
the predictions of the ‘stress gradient hypothesis’, which suggests that positive microbial
interactions would be enhanced under stressful conditions [38]. However, it is worth noting
that inconsistent findings have been documented as well. For instance, Gao et al. [39] found
that drought reduced the complexity of rhizosphere and endosphere bacterial networks
of sorghum after 6 weeks of drought treatment. In the work of Hernandez et al. [37],
they also found chronic stress environments reduced the complexity and stability of soil
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microbial networks. This discrepancy may be associated with the variations in soil type and
duration of drought among studies, as ecosystems that were moderately disturbed could
accommodate a greater number of species coexisting and exhibited the highest biodiversity,
according to the ‘intermediate disturbance hypothesis’ [40]. As such, the shorter duration
of drought treatment in this study might have created more favorable conditions for the
coexistence of the root bacteriome, thereby increasing the network complexity and Shannon
diversity indexes.

Drought stress significantly altered several ecological functions in different compart-
ments, particularly in the bulk soil. Notably, the biological oxidation processes of elements
such as manganese, hydrogen, and sulfur were promoted to varying degrees exclusively
in the droughted bulk soil. Previous studies have shown that the oxidized forms of these
elements under flooded conditions can serve as important electron donors for anaerobic
microbes in paddy soils, leading to the accumulation of their reduced forms [41,42]. In
contrast, improved soil aeration induced by drought can enhance both the biotic and abiotic
transformation of these reduced compounds [41]. Additionally, the strong stimulatory
effect of drought on sulfur/sulfide oxidation may be closely related to the substantial input
of ammonium sulfate as a nitrogen fertilizer in this study. Intriguingly, drought significantly
reduced the iron (Fe) respiration in the rhizosphere. Earlier research has indicated that
increased soil oxygen partial pressure under drought conditions drives the oxidation of rhi-
zosphere Fe(II) to Fe(III) minerals with low bioavailability, thereby reducing the substrate
for Fe(II)-metabolizing microbes [43]. This not only diminishes the availability of Fe in the
rhizosphere but also affects the assembly of the rhizosphere bacterial community [44,45].
For instance, taking advantage of multi-omics approaches, Xu et al. [45] demonstrated
that under drought conditions, the decrease in iron availability within the sorghum root
environment was tightly associated with the specific enrichment of Streptomyces spp. On
the other hand, it is well established that Actinobacteria, particularly Streptomyces, produce a
variety of siderophores to increase the availability of Fe, which may assist the plant host
in mitigating drought stress [8,10,46]. Overall, our results illustrate that drought stress
profoundly impacts the biogeochemical processes in paddy soils.

5. Conclusions

Our results revealed that drought stress increased the Shannon diversity of rice rhi-
zosphere and endosphere bacteriomes and altered their community assemblages. This
led to the specific enrichment of Gemmatimonadetes, Patescibacteria, and notably Actinobac-
teriota, while depleting the populations of Firmicutes, Bacteroidetes, and Desulfobacterota,
among others, in the rhizosphere and endosphere. Additionally, drought stress increased
the complexity of microbial networks and the proportion of positive interactions across
compartments, thereby supporting the “stress gradient hypothesis.” Furthermore, drought
altered multiple ecological functions associated with the transformations of elements such
as Fe, S, and Mn, suggesting that drought stress may profoundly affect the biogeochemistry
of paddy soils.

Author Contributions: Conceptualization, C.W., X.Z. and C.Y; methodology, investigation and formal
analysis, C.W., X.Z., Y.L. (Yinxiu Liu) and X.T.; software, Y.L. (Yan Li) and T.S.; writing—original draft
preparation, C.W., X.Z., G.Y. and C.Y.; writing—review and editing, G.Y. and C.Y; supervision, C.Y.;
funding acquisition, Y.L. (Yan Li) and C.Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was jointly supported by Zhejiang Province’s ‘Three Rural and Nine Aspects’
Technology Collaboration Plan (grant numbers 2022SNJF004 and 2024SNJF079), funded by Depart-
ment of Agriculture and Rural Affairs of Zhejiang Province, and by the Zhejiang Provincial Natural
Science Foundation of China (grant number Y23D010011), funded by Department of Science and
Technology of Zhejiang Province.

Data Availability Statement: All raw sequences have been deposited into the GSA database under
the accession number CRA012577.



Agronomy 2024, 14, 1662 12 of 13

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lesk, C.; Rowhani, P.; Ramankutty, N. Influence of extreme weather disasters on global crop production. Nature 2016, 529, 84–87.

[CrossRef] [PubMed]
2. Ali, S.; Tyagi, A.; Park, S.; Mir, R.A.; Mushtaq, M.; Bhat, B.; Mahmoudi, H.; Bae, H. Deciphering the plant microbiome to improve

drought tolerance: Mechanisms and perspectives. Environ. Exp. Bot. 2022, 201, 104933. [CrossRef]
3. Trivedi, P.; Leach, J.E.; Tringe, S.G.; Sa, T.; Singh, B.K. Plant–microbiome interactions: From community assembly to plant health.

Nat. Rev. Microbiol. 2020, 18, 607–621. [CrossRef] [PubMed]
4. de Vries, F.T.; Griffiths, R.I.; Knight, C.G.; Nicolitch, O.; Williams, A. Harnessing rhizosphere microbiomes for drought-resilient

crop production. Science 2020, 368, 270–274. [CrossRef] [PubMed]
5. Xu, L.; Coleman-Derr, D. Causes and consequences of a conserved bacterial root microbiome response to drought stress. Curr.

Opin. Microbiol. 2019, 49, 1–6. [CrossRef] [PubMed]
6. Naylor, D.; Coleman-Derr, D. Drought stress and root-associated bacterial communities. Front. Plant Sci. 2018, 8, 2223. [CrossRef]

[PubMed]
7. Naylor, D.; DeGraaf, S.; Purdom, E.; Coleman-Derr, D. Drought and host selection influence bacterial community dynamics in the

grass root microbiome. ISME J. 2017, 11, 2691–2704. [CrossRef] [PubMed]
8. Xu, L.; Naylor, D.; Dong, Z.; Simmons, T.; Pierroz, G.; Hixson, K.K.; Kim, Y.-M.; Zink, E.M.; Engbrecht, K.M.; Wang, Y.; et al.

Drought delays development of the sorghum root microbiome and enriches for monoderm bacteria. Proc. Natl. Acad. Sci. USA
2018, 115, E4284–E4293. [CrossRef] [PubMed]

9. Santos-Medellin, C.; Edwards, J.; Liechty, Z.; Nguyen, B.; Sundaresan, V. Drought stress results in a compartment-specific
restructuring of the rice root-associated microbiomes. mBio 2017, 8, e00764-17. [CrossRef] [PubMed]

10. Santos-Medellin, C.; Liechty, Z.; Edwards, J.; Nguyen, B.; Huang, B.; Weimer, B.C.; Sundaresan, V. Prolonged drought imparts
lasting compositional changes to the rice root microbiome. Nat. Plants 2021, 7, 1065–1077. [CrossRef]

11. Fitzpatrick, C.R.; Copeland, J.; Wang, P.W.; Guttman, D.S.; Kotanen, P.M.; Johnson, M.T.J. Assembly and ecological function of the
root microbiome across angiosperm plant species. Proc. Natl. Acad. Sci. USA 2018, 115, E1157. [CrossRef] [PubMed]

12. Shi, S.; Nuccio, E.E.; Shi, Z.J.; He, Z.; Zhou, J.; Firestone, M.K. The interconnected rhizosphere: High network complexity
dominates rhizosphere assemblages. Ecol. Lett. 2016, 19, 926–936. [CrossRef] [PubMed]

13. Durán, P.; Thiergart, T.; Garrido-Oter, R.; Agler, M.; Kemen, E.; Schulze-Lefert, P.; Hacquard, S. Microbial interkingdom
interactions in roots pomote Arabidopsis survival. Cell 2018, 175, 973–983.e14. [CrossRef] [PubMed]

14. Michalska-Smith, M.; Song, Z.; Spawn-Lee, S.A.; Hansen, Z.A.; Johnson, M.; May, G.; Borer, E.T.; Seabloom, E.W.; Kinkel, L.L.
Network structure of resource use and niche overlap within the endophytic microbiome. ISME J. 2022, 16, 435–446. [CrossRef]
[PubMed]

15. Vikram, P.; Swamy, B.P.M.; Dixit, S.; Singh, R.; Singh, B.P.; Miro, B.; Kohli, A.; Henry, A.; Singh, N.K.; Kumar, A. Drought
susceptibility of modern rice varieties: An effect of linkage of drought tolerance with undesirable traits. Sci. Rep. 2015, 5, 14799.
[CrossRef]

16. Edwards, J.; Johnson, C.; Santos-Medellin, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Eisen, J.A.; Sundaresan, V. Structure,
variation, and assembly of the root-associated microbiomes of rice. Proc. Natl. Acad. Sci. USA 2015, 112, E911–E920. [CrossRef]
[PubMed]

17. Chen, L.; Zhang, M.; Liu, D.; Sun, H.; Wu, J.; Huo, Y.; Chen, X.; Fang, R.; Zhang, L. Designing specific bacterial 16S primers to
sequence and quantitate plant endo-bacteriome. Sci. China Life Sci. 2022, 65, 1000–1013. [CrossRef]

18. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852–857. [CrossRef]

19. Louca, S.; Parfrey, L.W.; Doebeli, M. Decoupling function and taxonomy in the global ocean microbiome. Science 2016, 353,
1272–1277. [CrossRef] [PubMed]

20. Kurtz, Z.D.; Müller, C.L.; Miraldi, E.R.; Littman, D.R.; Blaser, M.J.; Bonneau, R.A. Sparse and Compositionally Robust Inference of
Microbial Ecological Networks. PLoS Comput. Biol. 2015, 11, e1004226. [CrossRef]

21. Liu, C.; Cui, Y.; Li, X.; Yao, M. microeco: An R package for data mining in microbial community ecology. FEMS Microbiol. Ecol.
2020, 97, fiaa255. [CrossRef]

22. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020; Available online: https://www.R-project.org/ (accessed on 18 September 2021).

23. Oksanen, J.; Simpson, G.L.; Blanchet, G.F.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’Hara, R.B.; Solymos, P.; Stevens, M.H.H.;
Szoecs, E.; et al. Vegan: Community Ecology Package. R Package Version 2.6-4. 2022. Available online: https://CRAN.R-project.
org/package=vegan (accessed on 6 April 2023).

24. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 2009, 26, 139–140. [CrossRef]

25. Vandenkoornhuyse, P.; Quaiser, A.; Duhamel, M.; Le Van, A.; Dufresne, A. The importance of the microbiome of the plant
holobiont. New Phytol. 2015, 206, 1196–1206. [CrossRef]

https://doi.org/10.1038/nature16467
https://www.ncbi.nlm.nih.gov/pubmed/26738594
https://doi.org/10.1016/j.envexpbot.2022.104933
https://doi.org/10.1038/s41579-020-0412-1
https://www.ncbi.nlm.nih.gov/pubmed/32788714
https://doi.org/10.1126/science.aaz5192
https://www.ncbi.nlm.nih.gov/pubmed/32299947
https://doi.org/10.1016/j.mib.2019.07.003
https://www.ncbi.nlm.nih.gov/pubmed/31454709
https://doi.org/10.3389/fpls.2017.02223
https://www.ncbi.nlm.nih.gov/pubmed/29375600
https://doi.org/10.1038/ismej.2017.118
https://www.ncbi.nlm.nih.gov/pubmed/28753209
https://doi.org/10.1073/pnas.1717308115
https://www.ncbi.nlm.nih.gov/pubmed/29666229
https://doi.org/10.1128/mBio.00764-17
https://www.ncbi.nlm.nih.gov/pubmed/28720730
https://doi.org/10.1038/s41477-021-00967-1
https://doi.org/10.1073/pnas.1717617115
https://www.ncbi.nlm.nih.gov/pubmed/29358405
https://doi.org/10.1111/ele.12630
https://www.ncbi.nlm.nih.gov/pubmed/27264635
https://doi.org/10.1016/j.cell.2018.10.020
https://www.ncbi.nlm.nih.gov/pubmed/30388454
https://doi.org/10.1038/s41396-021-01080-z
https://www.ncbi.nlm.nih.gov/pubmed/34413476
https://doi.org/10.1038/srep14799
https://doi.org/10.1073/pnas.1414592112
https://www.ncbi.nlm.nih.gov/pubmed/25605935
https://doi.org/10.1007/s11427-021-1953-5
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1126/science.aaf4507
https://www.ncbi.nlm.nih.gov/pubmed/27634532
https://doi.org/10.1371/journal.pcbi.1004226
https://doi.org/10.1093/femsec/fiaa255
https://www.R-project.org/
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/nph.13312


Agronomy 2024, 14, 1662 13 of 13

26. Philippot, L.; Raaijmakers, J.M.; Lemanceau, P.; van der Putten, W.H. Going back to the roots themcirobial ecology of the
rhzosphere. Nat. Rev. Microbiol. 2013, 11, 789–799. [CrossRef]

27. Lundberg, D.S.; Lebeis, S.L.; Paredes, S.H.; Yourstone, S.; Gehring, J.; Malfatti, S.; Tremblay, J.; Engelbrektson, A.; Kunin, V.; del
Rio, T.G.; et al. Defining the core Arabidopsis thaliana root microbiome. Nature 2012, 488, 86–90. [CrossRef]

28. Li, G.; Wang, K.; Qin, Q.; Li, Q.; Mo, F.; Nangia, V.; Liu, Y. Integrated microbiome and metabolomic analysis reveal responses of
rhizosphere bacterial communities and root exudate composition to drought and genotype in rice (Oryza sativa L.). Rice 2023, 16,
19. [CrossRef]

29. Williams, A.; de Vries, F.T. Plant root exudation under drought: Implications for ecosystem functioning. New Phytol. 2020, 225,
1899–1905. [CrossRef]

30. Preece, C.; Peñuelas, J. Rhizodeposition under drought and consequences for soil communities and ecosystem resilience. Plant
Soil 2016, 409, 1–17. [CrossRef]

31. Jennifer, M.D.; Lauren, T.N.; Mariam, N.F.; Amy, M.J.; Mark, R. Global biogeography and quantitative seasonal dynamics of
Gemmatimonadetes in soil. Appl. Environ. Microbiol. 2011, 77, 6295–6300.

32. van Bergeijk, D.A.; Terlouw, B.R.; Medema, M.H.; van Wezel, G.P. Ecology and genomics of Actinobacteria: New concepts for
natural product discovery. Nat. Rev. Microbiol. 2020, 18, 546–558. [CrossRef]

33. Lei, Z.; Ding, Y.; Xu, W.; Zhang, Y. Microbial community structure in rice rhizosheaths under drought stress. J. Plant Ecol. 2023, 16,
rtad012. [CrossRef]

34. Bai, B.; Liu, W.; Qiu, X.; Zhang, J.; Zhang, J.; Bai, Y. The root microbiome: Community assembly and its contributions to plant
fitness. J. Integr. Plant Biol. 2022, 64, 230–243. [CrossRef]

35. Ding, X.; Peng, X.; Chen, Z.; Li, Y.; Mao, L.; Xie, H.; Cai, Y. Microbiota community assembly in wild rice (Oryza longistaminata) in
response to drought stress shows phylogenetic conservation, stochasticity, and aboveground-belowground patterns. Res. Sq.
2020. [CrossRef]

36. Yuan, M.M.; Guo, X.; Wu, L.; Zhang, Y.; Xiao, N.; Ning, D.; Shi, Z.; Zhou, X.; Wu, L.; Yang, Y.; et al. Climate warming enhances
microbial network complexity and stability. Nat. Clim. Chang. 2021, 11, 343–348. [CrossRef]

37. Hernandez, D.J.; David, A.S.; Menges, E.S.; Searcy, C.A.; Afkhami, M.E. Environmental stress destabilizes microbial networks.
ISME J. 2021, 15, 1722–1734. [CrossRef]

38. Bertness, M.D.; Callaway, R. Positive interactions in communities. Trends Ecol. Evol. 1994, 9, 191–193. [CrossRef]
39. Gao, C.; Xu, L.; Montoya, L.; Madera, M.; Hollingsworth, J.; Chen, L.; Purdom, E.; Singan, V.; Vogel, J.; Hutmacher, R.B.;

et al. Co-occurrence networks reveal more complexity than community composition in resistance and resilience of microbial
communities. Nat. Commun. 2022, 13, 3867. [CrossRef]

40. Connell, J.H. Diversity in tropical rain forests and coral reefs. Science 1978, 199, 1302–1310. [CrossRef]
41. Conrad, R. Soil microorganisms as controllers of atmospheric trace gases(H2, CO, CH4, OCS, N2O, NO). Microbiol. Rev. 1996, 60,

609–640. [CrossRef]
42. Burgin, A.J.; Yang, W.H.; Hamilton, S.K.; Silver, W.L. Beyond carbon and nitrogen: How the microbial energy ecocnomgy couples

elemental cycles in diverse ecosystems. Front. Ecol. Environ. 2011, 1, 44–52. [CrossRef]
43. da Silva, E.C.; Nogueira, R.; da Silva, M.A.; de Albuquerque, M.B. Drought stress and plant nutrition. Plant Stress 2011, 5, 32–41.
44. Bouskill, N.J.; Lim, H.C.; Borglin, S.; Salve, R.; Wood, T.E.; Silver, W.L.; Brodie, E.L. Pre-exposure to drought increases the

resistance of tropical forest soil bacterial communities to extended drought. ISME J. 2013, 7, 384–394. [CrossRef]
45. Xu, L.; Dong, Z.; Chiniquy, D.; Pierroz, G.; Deng, S.; Gao, C.; Diamond, S.; Simmons, T.; Wipf, H.M.L.; Caddell, D.; et al.

Genome-resolved metagenomics reveals role of iron metabolism in drought-induced rhizosphere microbiome dynamics. Nat.
Commun. 2021, 12, 3209. [CrossRef]

46. Zhang, L.; Zeng, Q.; Liu, X.; Chen, P.; Guo, X.; Ma, L.Z.; Dong, H.; Huang, Y. Iron reduction by diverse actinobacteria under oxic
and pH-neutral conditions and the formation of secondary minerals. Chem. Geol. 2019, 525, 390–399. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nature11237
https://doi.org/10.1186/s12284-023-00636-1
https://doi.org/10.1111/nph.16223
https://doi.org/10.1007/s11104-016-3090-z
https://doi.org/10.1038/s41579-020-0379-y
https://doi.org/10.1093/jpe/rtad012
https://doi.org/10.1111/jipb.13226
https://doi.org/10.21203/rs.3.rs-40339/v1
https://doi.org/10.1038/s41558-021-00989-9
https://doi.org/10.1038/s41396-020-00882-x
https://doi.org/10.1016/0169-5347(94)90088-4
https://doi.org/10.1038/s41467-022-31343-y
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1128/mr.60.4.609-640.1996
https://doi.org/10.1890/090227
https://doi.org/10.1038/ismej.2012.113
https://doi.org/10.1038/s41467-021-23553-7
https://doi.org/10.1016/j.chemgeo.2019.07.038

	Introduction 
	Materials and Methods 
	Soil Sampling and Basic Soil Properties 
	Pot Experiment and Sample Collection 
	DNA Extraction and PCR Amplification 
	Bioinformatic Analysis 
	Statistical Analysis 

	Results 
	Influences of Drought Stress on Soil Moisture Content and Rice Biomass 
	Influences of Drought Stress on - and -Diversity as Well as Community Assemblage of Bacteria 
	Community Composition of Bacteria at Genus Level in Different Compartments 
	OTUs Significantly Changed under Drought Treatment 
	Network Analysis 
	Effect of Drought on Ecological Functional Potentials 

	Discussion 
	Conclusions 
	References

