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Abstract: Background: Peanut (Arachis hypogaea L.), an important oilseed and food legume, is widely
cultivated in the semi-arid tropics. Drought is the major stress in this region which limits productivity.
Microbial communities in the rhizosphere are of special importance to stress tolerance. However,
relatively little is known about the relationship between drought and microbial communities in
peanuts. Method: In this study, deep sequencing of the V3-V4 region of the 16S rRNA gene was
performed to characterize the microbial community structure of drought-treated and untreated
peanuts. Results: Taxonomic analysis showed that Actinobacteria, Proteobacteria, Saccharibacteria,
Chloroflexi, Acidobacteria and Cyanobacteria were the dominant phyla in the peanut rhizosphere.
Comparisons of microbial community structure of peanuts revealed that the relative abundance
of Actinobacteria and Acidobacteria dramatically increased in the seedling and podding stages in
drought-treated soil, while that of Cyanobacteria and Gemmatimonadetes increased in the flowering
stage in drought-treated rhizospheres. Metagenomic profiling indicated that sequences related to
metabolism, signaling transduction, defense mechanism and basic vital activity were enriched in the
drought-treated rhizosphere, which may have implications for plant survival and drought tolerance.
Conclusion: This microbial communities study will form the foundation for future improvement of
drought tolerance of peanuts via modification of the soil microbes.
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1. Introduction

Peanut or groundnut (Arachis hypogaea L., Fabaceae), one of the five most important oilseed crops,
serves as a good source of protein, calories, vitamins and minerals [1,2]. It is consumed both as oilseed
and livestock fodder, forming an important revenue source for farmers as well as for commercial
producers. Peanut is known to be more tolerant to drought stress than most other related plant
species [3]. About 60% of the world peanut production comes from the semi-arid tropics such as Africa,
Asia, North, and South America [4,5]. However, extreme drought conditions in these regions still affect
productivity and quality of peanuts, which can cause an annual loss of 6 million tons worth about
520 million USD [6,7]. Investigating the molecular mechanism of drought stress response and further
improving drought tolerance of peanuts would be of great significance to the peanut industry.

Drought stress causes hyperosmotic stress characterized by decreased turgor pressure and water
loss, resulting in membrane disorganization, the inhibition of photosynthesis, the accumulation of
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reactive oxygen species and ultimately, cell and plant death [8]. To survive drought stress, plants must
respond properly through a variety of molecular mechanisms, including morphological adaptations,
physiological acclimation, and cellular adjustment [9]. Morphological adaptations make use of the
developmental plasticity of plants via changing cell or tissue shape and size, and physiological
acclimation involves increased water uptake and decreased water loss, while cellular adjustment
applies to enhance osmoprotection, antioxidative capacity and desiccation tolerance [10-12]. In recent
years, various studies have emerged implicating the root external environment (rhizosphere) also to be
involved in a wide range of stress tolerances in plants, including high salinity, drought and pathogen
infection, which provides a novel direction in future improvement of stress tolerance of peanuts
via modifying the soil microbial community [13-16]. However, studies of the peanut rhizosphere
are scarce.

The rhizosphere is a “hot spot” of intense microbial activity in the soil surrounding the roots, and is
the focus in the field of plant stress response [17]. Plant roots exude various chemicals and nutrients into
the rhizosphere and attract a variety of microbes, such as bacteria, fungi, algaes, and protozoa [17,18].
Rhizosphere-associated microbes possess diverse metabolic capabilities and play crucial roles in the
rhizosphere ecosystem, including nutrient cycling and organic matter decomposition, which exert
positive effects on plants” health and growth [19]. More importantly, the microbial community can
also play a crucial role in plant growth and adaptation to various environmental stresses [20-22].
Over the past decade, various studies have emerged implicating members of the microbial community
in enhancing plants stress tolerance by providing a buffer zone for plants against stress, producing
various plant growth promoting hormones and enhancing nutrient availability [18,23,24]. The changed
microbial community during stress may, at least in part, have implications for plant survival and
health. There is a need to identify root-associated microbial communities that thrive under adverse
environments and can confer stress tolerance and potentially be advantageous to the host.

The root microbial community structure differs across plant species, the stages of plant
development, soil types and agricultural management. In this study, we examined the impacts
of developmental stages on the drought-treated root-associated microbial community structure of
cultivated peanuts. By high-throughput sequencing of the 165 rRNA genes of the peanut rhizosphere
microbial genomes generated in normal and drought conditions during various developmental stages,
the composition of the microbial community and its effect on drought response in peanuts were
evaluated. The study aimed to assess and provide new insight into the influence of developmental
stages and drought stress on the composition of the microbial community in the peanut rhizosphere.

2. Results

2.1. Overall Sequence Data of Microbial Communities in the Peanut Rhizosphere

To explore the microbial shift of the peanut rhizosphere under drought stress conditions, 16S rRNA
gene sequencing was performed to sequence the bacterial genomes under normal and drought
conditions. We combined controlled root surface and rhizospheric soil to control rhizosphere (CR),
the various drought-treated root surface and rhizospheric soils were defined as seedling stage
drought-treated rhizosphere (SDR), flowering stage drought-treated rhizosphere (FDR) and podding
stage drought-treated rhizosphere (PDR), respectively. Low quality reads were filtered using the
Quantitative Insights into Microbial Ecology software (QIIME) and trimming the primers, adapters
and barcodes, sequencing quantities of each sample counted were listed in Supplementary Table S1.
In total, 1,731,115 high quality clean reads passed quality screening and most of the sequence lengths
were between 400-450 bp (Supplementary Figure S1A and Table S1). Operational taxonomic units
(OTUs) were generated with 97% sequence similarity. A total of 3639 OTUs were found in rhizosphere
soil samples, in which 2891 OTUs were shared by all the soil groups, while 22, 30, 37, and 60 OTUs
were only present in CR, SDR, FDR, and PDR respectively (Supplementary Figure S1B).
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2.2. Alpha Diversity Analysis

Community richness and diversity of the microbial ecosystem were examined via alpha diversity
analysis. Rarefaction curve analysis exhibited a high depth of 165 rRNA gene sequencing and a great
possibility of observing community diversity in each peanut rhizosphere (Figure 1A). In the species
accumulation curves, the increase rate of new species followed with the increase in sample size during
the sampling process, implying that the sequencing depth was high enough to observe community
richness (Figure 1B). Rank abundance curves showed that all the four soil groups had high species
evenness and homogeneity (Figure 1C).
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Figure 1. Alpha diversity analysis. (A) Rarefaction curve analysis showing the depth of 16S rRNA
gene sequencing of peanut rhizosphere and the possibility of observing microbial community diversity.
(B) Species accumulation curves showing the rate of increase of new species with the increase in sample
size. (C) Rank abundance curve showing the relative species abundance and evenness. The length of
the polyline on the horizontal axis reflects the number of operational taxonomic units (OTUs) in the
sample and represents the richness of the microbial community. The flatness of the polyline reflects the
evenness of the microbial community composition. (D) OTU levels via sobs index analysis showing
the relative species abundance of four soil groups in peanut rhizosphere. #1, #2 and #3 represent three
duplicate samples in per soil group.

Many other indices can also reflect the alpha diversity of the microbial community. Sobs exhibits
the numbers of OTUs in the peanut rhizosphere, and coverage reflects the sequencing depth to observe
community richness. Chaol and ace reflect the community abundance, and the Shannon and Simpson
indices exhibit community diversity (Supplementary Table 52). The diversity indices indicated that the
four soil groups in peanut rhizosphere had basically similar species richness and diversity (Figure 1D
and Supplementary Table S2).
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2.3. Rhizosphere Microbial Community Structure

To further analyze the microbial community structure, the abundance distributions of each sample
at five levels of classification (phylum, class, order, family, and genus) were developed. The average
relative abundances of four soil groups were classified into 31 phyla, but only 11 phyla were found at a
relative abundance of >1% (Supplementary Table S3). Although the abundance of each phylum varied
in peanut rhizosphere soil samples with drought treatment during different developmental stages,
Actinobacteria, Proteobacteria, Saccharibacteria, Chloroflexi, Acidobacteria, and Cyanobacteria were
the six phyla dominant in the peanut rhizosphere of drought-treated soils and untreated soils, accounting
for about 80% of all microbial taxa (Figure 2A). The abundance of Cyanobacteria and Planctomycetes
increased, while Proteobacteria, Chloroflexi and Verrucomicrobia decreased in three drought-treated
soil groups compared to CR. In addition, SDR and PDR had distinct bacterial communities compared
to FDR: The relative abundance of Actinobacteria and Acidobacteria dramatically increased in SDR and
PDR, while that of Cyanobacteria and Gemmatimonadetes increased in FDR (Figure 2A). Cyanobacteria
and Gemmatimonadetes were dominant phyla in FDR, and unclassified_k__norank dominated in SDR.
Planctomycetes and Firmicutes were more abundant in PDR than in FDR and SDR, suggesting that
the developmental stages also affected the structure of the microbial community in the rhizosphere of
drought-treated plants (Figure 2A).
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Figure 2. Microbial community structure in peanut rhizosphere at the phylum, class, order and family
level. (A) Percent of microbial community abundance at the phylum level in four soil groups in peanut
rhizosphere. The relative abundance is calculated by averaging the abundances of duplicate samples
in each soil group in peanut rhizosphere. (B) Percent of microbial community abundance at the class
level in four soil groups in peanut rhizosphere. The relative abundance is calculated by averaging
the abundances of duplicate samples. (C) Percent of microbial community abundance at the order
level in four soil groups in peanut rhizosphere. The relative abundance is calculated by averaging
the abundances of duplicate samples. (D) Percent of microbial community abundance at the family
level in four soil groups in peanut rhizosphere. The relative abundance is calculated by averaging
the abundances of duplicate samples. The names of “norank” and “unidentified” are all unidentified
species obtained directly from database via sequence alignment.



Int. J. Mol. Sci. 2019, 20, 2265 50f17

At the class level, most of the bacteria belonged to Actinobacteria, Alphaproteobacteria,
norank_p__Saccharibacteria, Acidobacteria, Cyanobacteria, Gemmatimonadetes and Betaproteobacteria
(Supplementary Table S4). In FDR, Cyanobacteria was the most abundant class, and unclassified
_k__norank dominated in SDR at the class level. In addition, the dominant microbes in the phyla
of Planctomycete and Firmicutes were classes of Phycisphaerae and Bacilli in PDR, respectively
(Figure 2B). Compared to soil without drought treatment, the abundance of Gammaproteobacteria
and Deltaproteobacteria at the phylum of Proteobacteria and Verrucomicrobiae at the phylum of
Verrucomicrobia decreased in all drought-treated soils (Figure 2B).

Norank_p__Saccharibacteria was the most abundant order, Sphingomonadales and Subsection
III were the dominant orders in FDR, and Propionibacteriales and Blastocatellales had a higher
relative abundance in PDR. Acidimicrobiales, unclassified_k__norank and Xanthomononadales
significantly increased in SDR compared with that in CR (Figure 2C). At the family level,
norank_p__Saccharibacteria, Sphingomonadaceae, Micrococcaceae, Familyl o_ Subsection III,
Gemmatimonadaceae and norank_o__Acidimicrobiales were the abundant families in the four soil
groups of peanut rhizosphere. The abundance of Familyl o_ Subsection III was higher in FDR,
and Nocardioidaceae and Blastocatellaceae_ Subgroup_4_ were relatively higher in PDR, whereas
norank_o__Acidimicrobiales, norank_o__Gaiellales and Xanthomonadaceae were prominent in SDR
(Figure 2D).

A thorough investigation at the genus level showed that 503 taxa were classified from
the four rhizosphere communities, whereas most of genera were <15%, implying high
microbial diversity in the four soil groups (Supplementary Excel S1). As shown in Figure 3A,
norank_p__Saccharibacteria, Sphingomonas, unclassified_f _Micrococcaceae, norank_o__Acidimicrobiales,
Microcoleus and norank_o__Gaiellales were predominantly found in the rhizosphere soil, belong to
the phylum of Saccharibacteria, Proteobacteria, Actinobacteria, Actinobacteria, Cyanobacteria and
Actinobacteria, respectively. Drought treatment increased the abundance of Sphingomonas and
Streptomyces but reduced the abundance of norank_c__KD4-96 (Figure 3A and Supplementary Table
S5). The root microbial community structure also differed across the stages of plant development.
Microcoleus was the dominant genus in FDR, while norank_p__Saccharibacteria had a higher relative
abundance in PDR. Norank_o__Acidimicrobiales and norank_o__Gaiellales dominated in SDR (Figure 3A).
Furthermore, the generic diversity among four soil groups was clearly demonstrated by Wilcoxon
rank-sum test, and the most predominant genus in four soil groups was norank_p__Saccharibacteria.
In addition, Sphingomonas was the dominant genus in all drought-treated soil groups and Microcoleus
dominated in FDR (Figure 3B and Supplementary Figure S2).

2.4. Clustering Analysis of Rhizosphere Microbial Community Composition

In order to observe the similarities and dissimilarities among four soil groups, principal component
analysis (PCA), principal co-ordinates analysis (PCoA) and clustering analysis were performed.

Distinct differences in microbial communities existed among four soil groups. The first two
principal components (PC1 and PC2) of PCA explained 44.38% and 19.4% of the total variation,
respectively (Supplementary Figure S3A). PCoA analysis also showed that the microbial community
structures of four soil groups were very different and the two principal components (PC1 and PC2)
of PCoA explained 29.74% and 21.53%, respectively (Figure 4A). The analysis of similarities among
and within the soil groups was also determined. There was a significant bray_curtis distance among
different soil groups, whereas SDR-SDR, FDR-FDR and PDR-PDR had very little bray_curtis distance
in the analysis of similarities (Supplementary Figure S3B). Cluster analysis revealed that the microbial
community structures of various soil groups were diverse and farther apart from each other as other
beta analyses, whereas the duplicate samples in SDR, FDR, PDR and CR were similar and clustered
together (Figure 4B).
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Figure 3. Microbial community structure and diversity in drought-treated and untreated peanut
rhizosphere. (A) Percent of microbial community abundance at the genus level in four soil groups in
peanut rhizosphere. The relative abundance is calculated by averaging the abundances of duplicate
samples. (B) Microbial community diversity in drought-treated and untreated peanut rhizosphere
via Wilcoxon rank-sum test bar plot. Left image represents the proportions of various genera in four
soil groups. Right image represents the difference between proportions in 95% confidence intervals.
The names of “norank” and “unidentified” are all unidentified species obtained directly from database
via sequence alignment.
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Figure 4. Beta diversity analysis. (A) Principal co-ordinates analysis (PCoA) analysis. The same
color points belong to the same soil group, and the same soil group points are marked by ellipses.
The samples belonging to the same soil group are closer to each other and the samples from different
soil groups are farther apart. (B) Hierarchical clustering is clustered according to groups’ similarity.
The branch length among soil groups represent the degree of similarity among the four soil groups.
#1, #2 and #3 represent three duplicate samples in per soil group.
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The top 20 most abundant genera belonged to the phyla of Actinobacteria, Saccharibacteria and
Chloroflexi in peanut rhizosphere (Figure 5A,B and Supplementary Figure S4). In addition, the most
predominant genus was norank_p__Saccharibacteria in all the soil groups (Figure 5A,B).
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In order to check the distinct differences in microbial community structure among the four soil
groups, the community composition data for each taxonomic level were clustered on the basis of the
abundance distribution of taxa or the degree of similarity among the soil groups through heat maps.
Through clustering, high and low abundance taxa of top 50 most abundant genera were distinguished
among the four soil groups. Sphingomonas, Streptomyces and norank_f__Tepidisphaeraceae, at genus level
were relatively abundant in the peanut rhizosphere under drought stress conditions as compared to
the control but reduced the abundance of Chthoniobacter and norank_c__KD4-96 (Figure 5C).

2.5. Specific Phylotypes of Peanut Rhizosphere Modulate by Drought Stress

As an algorithm for high-dimensional biomarker discovery and explanation of genomic features
characterizing the statistically different among four soil groups, linear discriminant analysis (LDA)
effect size (LEfSe) was employed to compare microbial communities and identify specific phylotypes
of peanut rhizosphere responding to drought stress. Statistical analysis was performed from the
phylum to the genus level in cladograms, and LDA scores of 3 or greater were confirmed by LEfSe
(Figure 6 and Supplementary Figure S5). In SDR, four groups of microbes were significantly enriched,
namely norank_c__Actinobacteria (from order to genus), Acidimicrobiales (from order to genus),
norank_c__Acidobacteria (from order to genus), and JG37_AG_4 (from class to genus) (Figure 6).
In FDR, the microbe Cyanobacteria (from phylum to family) and norank_f__Familyl_o__SubsectionlII
(genus) were evidently abundant (Figure 6). Three groups of microbes from order to genus
were detected to be dramatically enriched in PDR, namely JG30_KF_CM45, Blastocatellales and
unclassified_c__Actinobacteria. On the contrary, three groups of microbes were detected to be
predominant in CR, namely Chloroflexi (from class to genus), Pseudomonadales (from order to
genus), and Spartobacteria (from class to genus) (Figure 6). All the results indicate that dominant
microbes during different developmental stages are distinct, which may be favorable for special
drought resistance mechanisms in peanuts.

2.6. Metabolic Functional Features of the Microbial Community Present in Peanut Rhizosphere

To better understand the important role of the microbial community isolated from peanut
rhizosphere, the PICRUSt10 (phylogenetic investigation of communities by reconstruction of
unobserved states) program was used to predict functional features of microbial community via
16S rRNA gene amplification based high-throughput sequencing data in the context of the Cluster of
Orthologous Groups (COG) database. Some metabolic functions (nucleotide transport and metabolism
and coenzyme transport and metabolism) and basic vital activities (cell cycle control, cell division,
chromosome partitioning; translation, ribosomal structure and biogenesis; replication, recombination
and repair; cell motility; cell wall/membrane/envelope biogenesis; posttranslational modification,
protein turnover, chaperones) were enriched in all the drought-treated soil groups, which implies
that the microbial metabolism and vital activity tended to be vigorous in the drought-treated samples
(Figure 7A,B). Encouragingly, signal transduction mechanism and defense mechanism in microbial
community of drought-treated soils were also significantly higher than that in CR (Figure 7A).
These vigorous function groups may be related to the stress response of microbial community in the
drought-treated soil groups.
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Figure 6. Cladogram showing specific phylotypes of peanut rhizosphere responding to drought
stress. Indicator bacteria with linear discriminant analysis (LDA) scores of 3 or greater in microbial
communities associated with soil from drought-treated and untreated soil groups. Circles indicate
phylogenetic levels from phylum to genus (from the inner circle to the outer circle). The diameter of
each circle is proportional to the abundance of the group. The names of “norank” and “unidentified”
are all unidentified species obtained directly from database via sequence alignment.
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Figure 7. The microbial functional features in three drought-treated soil groups via Cluster of
Orthologous Groups (COG) analysis. (A) Box-plot showing the relative abundance and diversity of
various functional groups in drought-treated and untreated soil groups. (B) Bar chart showing the
relative abundance and diversity of functional groups in drought-treated and untreated soil groups.
The relative abundance is calculated by averaging the abundances of duplicate samples. Different COG
groups were displayed in different colors in the bottom.

3. Discussion

Plants root exudation attracts microbes from the nearby soil environment and affects the microbial
community structure of the rhizosphere microbiome by changing the physical and chemical properties
of soil [25]. In the present work, the peanut microbial community diversity and structure under normal
conditions and drought stress during various developmental stages were examined via high-throughput
sequencing of the 165 rRNA genes. Although the abundance of each phylum is different among
various soil groups, Actinobacteria, Proteobacteria, Saccharibacteria, Chloroflexi, Acidobacteria,
and Cyanobacteria were the six phyla dominant in the peanut rhizosphere of drought-treated and
untreated soils (Figure 2). In the previous study, Acidobacteria, Actinobacteria, Bacteroidetes,
Cyanobacteria, Firmicutes and Proteobacteria dominated in rhizosphere soil of barley [26]. Qiao et al.
studied rhizosphere microbial communities in nutrient-rich soil and cotton continuous cropping
field soil and found that Acidobacteria, Actinobacteria, Bacteroidetes, Planctomycetes, Proteobacteria
and Verrucomicrobia were more abundant than other microbes [27]. Seven microbial phyla, namely
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Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Firmicutes, Gemmatimonadetes and
Cyanobacteria dominated in rhizosphere soil of Arabidopsis [28]. Although dominant microbial phyla
in rhizospheres varies among different plants, Actinobacteria, Acidobacteria and Proteobacteria are
the mutually dominant microbial phyla of peanuts and the above plants, indicating that they may
be the most common dominant microbial phyla in plant rhizospheres. In addition, compared with
other plants, Saccharibacteria and Chloroflexi were more abundant in the rhizosphere soil of peanuts,
which may be a result of specific root exudates of peanuts.

Many biotic and abiotic stresses also alter rhizosphere microbial community structures, because
some microbial communities can sense plant signal molecules under stresses, which can trigger some
microbial populations to increase or decrease [13,29]. In addition, the community composition of
the rhizosphere microbiome is also affected by the stages of plant development [30,31]. Our results
demonstrated that drought stress and developmental stages can both quickly lead to the shift
of microbial community and the enrichment of specific microbial species in peanut rhizosphere
(Figures 2-5). The abundance of Cyanobacteria and Planctomycetes increased in three drought-treated
soil groups compared to CR. Cyanobacteria and Gemmatimonadetes were dominant phyla in FDR,
and unclassified_k__norank dominated in SDR. Planctomycetes and Firmicutes were more abundant in
PDR than in FDR and SDR (Figure 2A). In addition to the unidentified species, unclassified_k__norank,
most of the drought-induced microbial communities in plant growth promotion under drought stress
have been documented. Cyanobacteria can improve soil environments and survive in arid soil via
accumulating soil carbon and nitrogen [32,33]. It has been well documented that Gemmatimonadetes
as aerobic/anaerobic thermophilic bacteria grow well in drought conditions [34]. Phylum Firmicutes
are enriched in the contaminated sites and they play various roles in bioremediation and stress
tolerance [35]. Planctomycetes, an important anaerobic ammonium oxidation group, participate
in the carbon cycle and mineral enrichment, which may be beneficial to plants via improving the
concentration of available nutrients in drought-treated soils [36]. Therefore, we suggest that the
diversely dominant microbes at each stage may represent the microbial taxa that are required for the
growth and drought stress tolerance of the plants during corresponding developmental stages. It is
of interest to identify the most favorable microbial species during various development stages in the
hope of developing microbial inocula to deploy to increase stress resistance.

By studying the predicted function features of the microbial community, we found that some
metabolic functions (nucleotide transport and metabolism; coenzyme transport and metabolism;
and lipid transport and metabolism) were predicted to be higher in most drought-treated soil
groups. Among them, the relatively higher abundance of lipid transport and metabolism in
drought-treated soil groups (SDR and PDR) may be favorable to drought tolerance due to the roles
lipids play as essential components of microbial membranes in environmental stresses response
and survival [37]. Moreover, some basic biological processes (cell cycle control, cell division,
chromosome partitioning; translation, ribosomal structure and biogenesis; replication, recombination
and repair; cell wall/membrane/envelope biogenesis; protein turnover, chaperones and posttranslational
modification) were enriched in drought-treated soil groups (Figure 7). Cell wall/membrane/envelope
biogenesis in microbes may enhance drought and salt stress tolerance by regulating H*-ATPase
of the plasma membrane, and these can enhance plant growth and drought tolerance as plant
growth-promoting bacteria [38,39]. Some chaperones, such as heat shock proteins, are known
as drought tolerance enhancers for plants [40,41]. Thus the vigorous microbial metabolism and
basic biological processes in the drought-treated samples may enhance peanut stress tolerance.
In addition, higher signal transduction mechanism and defense mechanism were also detected in the
drought-treated soil groups, which can confer high tolerance levels to stress and toxic compounds [42].
Allin all, we speculate that these pathways in microbes may have implications for plant survival and
drought tolerance to some extent, which need further research. Managing rhizosphere microbes and
maintaining the balance of beneficial and harmful microbes in the soil are crucial to the effectiveness of
cropping practices.
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4. Materials and Methods

4.1. Plant Materials and Soil Collection

Peanuts Huayu25 (cultivated peanut) were cultivated in a greenhouse at the Laixi experimental
station, China (120.53°E, 36.86°N), in 20182019 under the conditions of 26 °C and approximately
16/8 h light/dark photoperiod. In order to characterize the microbial community in field conditions
and further perform drought stress treatment, fine peanuts were grown in a transparent acrylic tank
(36 cm in diameter and 26 cm tall) with tiny holes in the bottom containing the same weight of topsoil.
The topsoil was dug by hand from a peanut field from the Laixi experimental station. Then the soil was
dried under sunlight for a month and sieved with a 1 cm sieve, and 18 kg soil was added to each tank
in the greenhouse conditions at the Laixi experimental station (Qingdao, China). The physiochemical
properties of soil were examined before being added to the tank (pH 7.7, organic content 13.23 g-kg™!,
total nitrogen 1.70 g-kg™!, available phosphorous 11.7 mg-kg~!, available potassium 103.2 mg-kg™!).
Six full peanut seeds were planted in each tank, and watered every other day to keep the soil water
content at 85% of field capacity as the previous study [43].

4.2. Drought Stress Treatment

After cultivating peanuts until the seedling stage, drought stress treatment was imposed on the
peanuts by maintaining the soil water level at 45% field capacity for about 10 days until half of the
plants exhibited drought stress symptoms (leaf curling, wilting and senescence) [43]. As a control,
pots containing plants were regularly irrigated every other day to keep the soil water content at 85% of
field capacity as the previous study [43]. Plants and soil samples were collected and stored in liquid
nitrogen. In addition, after cultivating peanuts until the flowering and podding stages, the identical
experiments were also performed. All the experiments were performed with three replicates and each
soil group contained three duplicate samples.

4.3. Sample of Rhizosphere Compartments Collection and DNA Extraction

Rhizosphere compartments were collected as described by previous study [44]. Rhizosphere soil
samples were composite samples of root surface soil and soil around the roots. Briefly, harvested roots
were vigorously shaken to remove loose soil in accordance with the previous study [18]. For consistency,
5 cm of root immediately below the root-shot junction were cut off by sterile scissors from drought and
control plants, and then placed in 50 mL of sterile centrifuge tube containing 40 mL PBS buffer (pH 7.0,
per liter 6.33 g of NaH;PO4-H,O, 16.5 g of NayHPO,4-7H,O, 200 mL Silwet L-77) to obtain the root
surface microbiome. The microbial community was separated by thoroughly centrifuging at a high
speed to remove the root surface soil and then filtered through a 100 mm mesh cell strainer to remove
plant debris and large soil aggregates. The filtrate was centrifuged at 5000 g for 15 min and collected in
a new 50 mL centrifuge tube. Then, 1 mL PBS buffer was added to the centrifuge tube to suspend the
pellet containing microorganisms, and then the samples were frozen in liquid nitrogen and stored at
—80 °C. All the experiments were performed with three replicates per soil group.

PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) was used to
extract rhizosphere soils genomic DNA and 250 mg of soil was used according to the
manufacturer’s instructions.

4.4. 165 rRNA Gene Sequencing and High-Throughput Sequencing

Extractive DNA quality and concentrations were checked by 0.8% agarose gel electrophoresis and
ultraviolet spectrophotometry [13]. High quality DNA samples were used for bacterial 165 rRNA gene
amplification by Beijing SinoGenoMax (Beijing, China). The specific primers 341F (forward primer,
5-CCTACGGGNGGCWGCAG-3’) and 805R (reverse primer, 5'-GACTACNVGGGTATCTAATCC-3')
with barcode were used for bacterial 165 rRNA gene tags (V3 and V4 region) amplification [45].
PCR amplification was carried out with 2 X Phanta Max Master Mix (P515, Vazyme, Nanjing, China),
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with three phases of PCR program: A first phase consisting of 95 °C for 5 min, 7 cycles of 95 °C for 45 s,
65 °C for 1 min (decreasing at 2 °C/cycle), and 72 °C for 90 s, followed by a second phase consisting of
30 cycles of 95 °C for 45 s, 50 °C for 30 s, and 72 °C for 90 s, and then a final extension at 72 °C for 10 min.
PCR products were checked by 0.8% agarose gel electrophoresis and further purified with Qiagen
Gel Extraction Kit (Qiagen, Beijing, China). Sequencing libraries were produced by using TruSeq®
DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, USA) following manufacturer’s
instructions. The library was sequenced on an Illumina HiSeq 2500 platform and 250 bp paired-end
reads were generated. Raw reads were submitted to NCBI SRA under accession SUB5448618 and
bioproject PRINA532487.

4.5. Bioinformatics Analysis

The paired-end reads were merged with custom scripts (https://github.com/RiceMicrobiome/
Edwards-et-al.-2014/tree/master/sequencing_scripts, accessed on: 26 November 2018) and assembled
into single sequences with PANDAseq. Raw tags were preliminary screened to obtain the high-quality
clean tags according to the QIIME software v1.8.0 quality controlled process. Clean tags were compared
with the reference Gold database (http://drive5.com/uchime/uchime_download.html, accessed on: 14
December 2018) using UCHIME algorithm to detect chimera sequences [18]. Chimera sequences were
discarded and effective tags finally obtained by using USEARCH (v5.2.236, http://www.drive5.com/
usearch/, accessed on: 17 December 2018) [46]. OTU was defined as the sequence of one or more
samples based on a sequence similarity threshold set. Sequences with >97% similarity value were
assigned to the same OTUs, which is roughly equal to the sequence difference among taxonomic
species in genetic diversity analysis based on 165 rRNA genes [47]. We pick a representative sequences
for each OTU and use the RDP classifier to annotate taxonomic information for each representative
sequence. To identify differences of microbial communities among the four soil groups, Venn diagrams
were plotted with the VennDiagram package [48].

4.6. Alpha and Beta Diversity Analysis

In-house Perl scripts were used to analyze alpha (within samples) and beta (among samples)
diversity. In order to compute alpha diversity, we analyzed the OTU table and calculated six
indexes: Sobs, Chaol, ace, Shannon, Simpson and Coverage (access on 2 March 2019). Sobs exhibits
the numbers of OTUs in peanut rhizosphere; Chaol and ace indices can reflect the community
abundance; Shannon and Simpson indices exhibit community diversity; Coverage can reflect the
sequencing depth to observe community richness. In addition, rank abundance can estimate the
species evenness, and rarefaction curves evaluating the species richness and depth of sequence was
made using QIIME [49]. Furthermore, the species accumulation curve was used to reflect whether
the sequence depth is sufficient to estimate community richness [50]. The rank abundance curve
representing the numbers of abundant and rare OTUs can reflect the species abundance and evenness
(http://en.wikipedia.org/wiki/Rank_abundance_curve, accessed on: 12 March 2019) [51]. Each OTU
representative sequence in our study was used for taxonomic identification of each soil sample at
different classification levels (phylum, class, order, family, and genus).

Beta diversity analysis was conducted to examine the similarity of the community structure
among different soil samples. The PCA and PCoA analysis were performed on the community
composition structure at the genus level to explore the similarities or dissimilarities among the four
soil groups, which was applied to reduce the dimension of the original variables using the QIIME
software package [52]. Cluster analysis mainly refers to the hierarchical clustering analysis method
using any distance to evaluate the similarity among the soil groups (access on 16 March 2019) [53].

4.7. LEfSe and COG Analysis

LEfSe as an algorithm for high-dimensional biomarkers was used for the quantitative analysis
of biomarkers within different soil groups. This method was designed to analyze data in which the
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number of species was much higher than the number of samples and to provide biological class
explanations to establish statistical significance, biological consistency, and effect-size estimation of
predicted biomarkers [54]. LEfSe analysis was performed on the website http://huttenhower.sph.
harvard.edu/galaxy (accessed on: 21 March 2019). The differential features were identified on the
OTU level. LEfSe analysis was performed with the alpha value for the factorial Kruskal-Wallis test
among classes was <0.05 and the threshold on the logarithmic LDA score for discriminative features
was >3.0 [55].

PICRUSt10 program was used to predict functional features of microbial community via 16S
rRNA gene amplification based high-throughput sequencing data in the context of the COG database
according to the previous study [56].

4.8. Statistical Tests

A permutation-based PERMANOVA (permutational multivariate analysis of variance) analysis
was performed using QIIME software and 999 displacement tests to determine whether the differences
between the drought-treated and untreated soil groups were statistically significant. The heat maps
visualization with hierarchical clustering of the top 50 most abundant genera were generated using
R-package, gplots (version 3.3.1) and color-coded by row z-scores [57].

4.9. Availability of Data and Materials

All relevant data and materials that support the findings of this study are available from the
corresponding author upon request.
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Abbreviations

CR Control rhizosphere

SDR Seedling stage drought-treated rhizosphere
PDR Flowering stage drought-treated rhizosphere
FDR Podding stage drought-treated rhizosphere
QIIME Quantitative Insights into Microbial Ecology
OTUs Operational taxonomic units

PCA Principal component analysis

PCoA Principal co-ordinates analysis

LDA Linear discriminant analysis

LEfSe LDA effect size

COG Cluster of Orthologous Groups
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