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Abstract
Soil salinity is regarded as severe environmental stress that can change the composition of rhizosphere soil bacterial community
and import a plethora of harms to crop plants. However, relatively little is known about the relationship between salt stress and
root microbial communities in groundnuts. The goal of this study was to assess the effect of salt stress on groundnut growth
performance and rhizosphere microbial community structure. Statistical analysis exhibited that salt stress indeed affected ground-
nut growth and pod yield. Further taxonomic analysis showed that the bacterial community predominantly consisted of phyla
Proteobacteria, Actinobacteria, Saccharibacteria, Chloroflexi, Acidobacteria, and Cyanobacteria. Among these bacteria, numbers
of Cyanobacteria and Acidobacteria mainly increased, while that of Actinobacteria and Chloroflexi decreased after salt treatment
via taxonomic and qPCR analysis. Moreover, Sphingomonas and Microcoleus as the predominant genera in salt-treated rhizo-
sphere soils might enhance salt tolerance as plant growth-promoting rhizobacteria. Metagenomic profiling showed that series of
sequences related to signaling transduction, posttranslational modification, and chaperones were enriched in the salt-treated soils,
which may have implications for plant survival and salt tolerance. These data will help us better understand the symbiotic
relationship between the dominant microbial community and groundnuts and form the foundation for further improvement of
salt tolerance of groundnuts via modification of soil microbial community.
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Introduction

Peanut or groundnut (Arachis hypogaea L.), an important oil-
seed crop cultivated worldwide, serves as a major source of
vegetable oil and livestock fodder in many countries (Wang
et al. 2018). As sessile lifestyle, groundnuts face a multitude of
environmental stresses, including high salinity, drought, high
or low temperatures, heavy metals, and microbial infections
(Xu et al. 2018). Among the emerging problems in

agricultural sector, high salinity is regarded as the most severe
environmental stress that occurs concurrently in most cases
(Zhu 2001). Salt stress can induce osmotic stress and ion tox-
icity, which causes growth termination and plant death, lead-
ing to considerable yield loss or even total yield failure
(Boudsocq and Lauriere 2005; Munns and Tester 2008;
Suzuki et al. 2012; Xu et al. 2019). Groundnut is more salt
stress tolerant species than other related species, and in recent
years, saline-alkali soil has been tried for the cultivation of
groundnuts (Chakraborty et al. 2016; Wan et al. 2014).
However, extreme conditions in saline-alkali soil still severely
affect groundnut’s growth and productivity. Therefore, ex-
ploring salt stress response mechanism and further enhancing
groundnut salt tolerance has become a major breeding goal in
groundnut industry and saline-alkali land utilization project.

During millions of years’ evolution, plants have evolved
complex morphological, physiological, and molecular strate-
gies for salt tolerance to avoid or withstand salt stress, such as
the accumulation of compatible solutes, activation of antioxi-
dant enzymes, and regulation of terminal Na+ determinants
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(such as Salt Overly Sensitive 1, High-affinity K+ transporter
1, Na+/H+ antiporter) (Damodharan et al. 2018; Deinlein et al.
2014; Mickelbart et al. 2015). In addition to the well-reported
salt tolerance mechanism, the root external environment has
also been reported to influence salt tolerance mechanisms in
plants (Ullah et al. 2018; Ullah et al. 2017).

Roots are primary organ of plants for absorbing nutrients
and water from soil (Lareen et al. 2016). On the other hand,
roots can also exude various chemicals and nutrients into the
nearby narrow region of soil, namely rhizosphere, and attract a
variety of microbes, such as bacteria, fungi, algae, and proto-
zoa living with plant roots (Mendes et al. 2013). Biotic and
abiotic stresses can alter rhizosphere microbial community
structures due to microbes can sense some signal molecules
from plants and allow some microbial population to increase
or decrease (Naylor et al. 2017; Ullah et al. 2018). On the
contrary, rhizosphere-associated microbes are active to pos-
sess diverse metabolic capabilities and exert different kinds of
positive effects on plant growth and adaptation to biotic and
abiotic stresses (Bai et al. 2015; Dennis et al. 2010). Over the
past decade, various studies have emerged implicating mem-
bers of the plant growth-promoting rhizobacteria (PGPRs) to
be beneficial to stress tolerance through diverse mechanisms
such as provide a buffer zone for plants against stresses, pro-
duce various plant growth-promoting hormones, or induce
systemic resistance for plants (Evelin et al. 2009; Geng et al.
2018; Yang et al. 2009). In addition, microbes also alter the
pH, soil structure, nutrient mineralization, and soil fertility,
and these changes may also partially have implications for
plant survival and stress response (Finkel et al. 2017). Thus,
rhizosphere-associated microbes exert a vital role in enhanc-
ing plants stress tolerance. It is necessary to further study the
colonization and propagation of microbial community to find
and select the beneficial microbes for salt tolerance.

Studying the effect of salt stress on rhizosphere microbial
composition and their correlation with crop performance is
therefore crucial for understanding the salt stress tolerance
mechanism. In this study, we investigated the effects of salt
stress on groundnut growth and pod yield and the associated
rhizosphere bacterial diversity using statistical analysis and
16S rRNA gene sequencing, respectively. Through a variety
of analyses, we aimed to assess and provide new insight into
the influence of salt stress on the composition of the bacterial
community in the groundnut rhizosphere.

Materials and methods

Plant materials and salt treatment

Groundnuts (Huayu25, salt-resistant cultivars) were cultivated
in the greenhouse at Laixi experimental station, China (120.53
°E, 36.86 °N). In order to characterize the bacterial

community in field conditions and further perform salt stress
treatment, fine groundnuts 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 from a groundnut field of the Laixi experimental station.
Then the soil was dried and further sieved with a 1 cm sieve,
and 18 kg soil was added to each tank in the greenhouse
conditions. The physiochemical properties of soil were exam-
ined before being added to the tank: pH 7.7, EC 0.26 ds/m,
organic content 13.23 g kg−1, total nitrogen 1.70 g kg−1, avail-
able phosphorous 11.7 mg kg−1, and available potassium
103.2 mg kg−1. For the salt-treated soil group, the required
amount of NaCl was added into soil and stirred well to blend
to attain to 2.00 g kg−1 salt concentration. Four full groundnut
seeds were planted in each tank, and watered every other day
to keep the soil water content at 85% of field capacity until the
harvest time (at 85% of field capacity, water in the pot was
kept in the capillary pores of the soil and soil salt could not be
lost with the water; thus, the soil salt content was 2.00 g kg−1

during the whole growth period of groundnut) under the con-
ditions of 28 °C and approximately 16/8-h light/dark photo-
period (Dai et al. 2019). Plants and soil samples were collected
and stored in liquid nitrogen at maturity.

Growth and yield parameters of groundnut

Six representative plant samples were obtained from each
treatment at maturity. Samples were preserved after being
separated into leaves, stems, roots, and pods. All samples were
killed by heating to 105 °C for 30 min, then dried to a constant
weight at 80 °C, and weighed separately. In addition, repre-
sentative plants were sampled from each treatment to record
the number of pods per plant. And 100 pod weight and 100
seed weight of each treatment were also recorded.

The sample collection of rhizosphere compartments
for 16S rRNA gene sequencing

Rhizosphere soils were collected as the previous study
(Bulgarelli et al. 2012; Dai et al. 2019). Rhizosphere soil sam-
ples were constituted of root surface soil and soil around the
roots. Soil around the roots was obtained by shaking and root
surface soil was extracted by using PBS buffer according to
the previous study (Geng et al. 2018). Root sections were cut
off from salt and control groundnuts by sterile scissors and
then placed in 50 mL of sterile centrifuge tube containing
40 mL PBS buffer (0.25 g of NaH2PO4

.H2O, 0.66 g of
Na2HPO4

.7H2O, 8 mL Silwet L-77, pH 7.0). Then the centri-
fuge tubes were centrifuged at a high speed to remove the root
surface soil and then filtered through a 100-mm mesh cell
strainer to remove plant debris. The filtrate was centrifuged
at 5000g for 15 min to form a pellet and 1 mL PBS buffer was
added to the centrifuge tube to re-suspend the pellet and obtain
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the root surface microbes. Then the samples were frozen in
liquid nitrogen at − 80 °C. Three biological replicates were
performed for each treatment and a total of 6 soil groups were
collected. The genomic DNA was extracted from rhizosphere
soils by using PowerSoil® DNA Isolation Kit (MoBio
Laboratories, Carlsbad, CA) as the previous study (Dai et al.
2019).

16S rRNA gene sequencing and high-throughput
sequencing

Extractive DNA quality and concentrations were checked by
0.8% agarose gel electrophoresis and ultraviolet spectropho-
tometry (Ullah et al. 2018). High-quality DNA samples were
used for bacterial 16S rRNA gene amplification. 16S rRNA
gene sequencing was conducted by Beijing SinoGenoMax
(Beijing, China) using the Illumina HiSeq2500 platform.
The specific primers 341F (forward primer, 5′-CCTA
CGGGNGGCWGCAG-30) and 805R (reverse primer, 5′-
GACTACNVGGGTATCTAATCC-3′) with barcode were
used for bacterial 16S rRNA tags (V3 and V4 region) ampli-
fication (Dai et al. 2019). PCR amplification was carried out
with 2 × Phanta Max Master Mix (P515, Vazyme, Nanjing,
China) and PCR products were purified with Tiangen Gel
Extraction Kit (Tiangen, Beijing, China). The sequencing li-
braries were produced by using TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, San Diego, CA, USA) fol-
lowing manufacturer’s instructions. Finally, the library was
sequenced on an Illumina HiSeq2500 platform and 250 bp/
300 bp paired-end reads were generated. Reads were submit-
ted to NCBI SRA under accession SUB5091314 and
bioproject PRJNA517287.

OTU cluster and species annotation

Paired-end reads were merged using FLASH (version 1.2.7),
which can merge paired-end reads when at least some of the
reads overlap the reads generated from the opposite end of the
same DNA fragment. Raw tags were preliminarily screened to
obtain the high-quality clean tags according to the QIIME
(Quantitative Insights into Microbial Ecology, v1.8.0)
quality-controlled process (Caporaso et al. 2010). Clean tags
were compared with the reference Gold database (http://
drive5.com/uchime/uchime_download.html) using UCHIME
algorithm to detect chimera sequences. The effective tags
were obtained by using USEARCH (v5.2.236, http://www.
drive5.com/usearch/) to identify and delete chimera
sequences in denovo and reference way (Edgar et al. 2011).
Operational taxonomic unit (OTU) was defined as the se-
quence of one or more samples based on a sequence similarity
threshold set ≥ 97% and obtained by using UPARSE software
package, which is roughly equal to the sequence difference
among taxonomic species in genetic diversity analysis based

on 16S rRNA genes (Blaxter et al. 2005). We picked a repre-
sentative sequence for each OTU and used the RDP classifier
to annotate taxonomic information for each representative se-
quence. Venn diagrams were plotted with the VennDiagram
package to identify differences of bacterial communities
among the different soil groups (Chen and Boutros 2011).
Community composition data for each taxonomic level were
clustered on the basis of abundance distribution of taxa or
degree of similarity between soil groups through heat map,
which was generated using R-package, gplots (version 3.3.1)
algorithm (Zuo et al. 2017).

Alpha and beta diversity analysis

In-house Perl scripts were used to analyze alpha (within sam-
ples) and beta (among samples) diversity. In order to compute
alpha diversity, we rarified the OTU table and calculated six
indices: both Chao1 and ace indices estimate the species abun-
dance; Sobs exhibits the numbers of OTUs in groundnut rhi-
zosphere; Shannon and Simpson indices exhibit community
diversity; coverage can reflect the sequencing depth to ob-
serve community richness. Rank abundance estimates the spe-
cies evenness and rarefaction curves were generated based on
these three metrics to evaluate the species richness and depth
of sequence. Furthermore, the species accumulation curve is
used to measure whether the sample size is adequate to esti-
mate community richness. The rank abundance curve reflects
the species abundance and evenness (Bates et al. 2013). Each
OTU representative sequence is used for taxonomic identifi-
cation of each sample at five classification levels (phylum,
class, order, family, and genus).

Beta diversity analysis was conducted to examine the sim-
ilarity or dissimilarities of the community structure among
different soil samples. PCA and PCoA analyses were per-
formed on the community composition structure at the genus
level to explore the similarities or dissimilarities between two
soil groups using QIIME software (Wang et al. 2012). Cluster
analysis mainly used the distance to evaluate the similarity or
dissimilarities among various soil samples.

Linear discriminant analysis effect size and COG
analysis

Linear discriminant analysis (LDA) effect size (LEfSe) as an
algorithm for high-dimensional biomarker was used for the
quantitative analysis of biomarkers within different soil
groups (Segata et al. 2011). LEfSe analysis was performed
on http://huttenhower.sph.harvard.edu/galaxy with 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. PICRUSt10 program
was used to predict functional features of bacterial community
based on high-throughput sequencing data in the context of
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the COG database according to the previous study (Langille
et al. 2013).

qPCR analysis of predominant bacterial community

qPCR was used to analyze the main bacterial phylum (α-
Proteobacteria, β-Proteobacteria, Actinobacteria,
Saccharibacteria, Chloroflexi, Acidobacteria, and
Cyanobacteria) measured by the methods are described in
previous study (Li et al. 2018). qPCR analysis was performed
by ChamQ SYBR Color qPCR Master Mix (Q411, Vazyme,
Nanjing, China) and Bio-Rad CFX96 (Bio-Rad, Hercules,
CA, USA) with the following reaction mixture: 0.5 μL of
primers (10 μM), 7.5 μL ChamQ SYBR Color qPCR
Master Mix, and template DNA (20 ng of total soil DNA or
plasmid DNA for standard curves) as the previous study (Yu
et al. 2019). Primers are listed in Supplementary Table S6.

Statistical Analysis

All statistical analyses were conducted with the R program
(v3.3.0, https://www.r-project.org/), and 999 displacement
tests were performed to determine whether the differences
between the salt-treated and untreated soil groups were statis-
tically significant.

Results

Effects of salt stress on morphology and yield
of groundnut

The results (Table 1) showed that the main stem height and the
lateral branch length decreased under salt stress, while the
number of lateral branches and leaves was not significantly
different relative to controls. In addition, the pod yield of
groundnut showed a downward trend in the salt-treated group.
After salt stress, 100 pod weight and 100 seed weight of HY25
were reduced by 17.22% and 21.59%, respectively. The num-
ber of total pods per plant also declined after salt stress, while
the difference was not significant relative to control (Table 1).

Therefore, salt stress indeed suppresses growth and adversely
influences pod yield of groundnut in the pot experiment.

Overall analysis of sequence data in the groundnut
rhizosphere

To explore the bacterial community of the groundnut rhizo-
sphere under normal growth and salt stress conditions, 16S
rRNA gene sequencing was performed to analyze bacterial
shift between normal and salt stress conditions. We combined
the salt-treated root surface and rhizospheric soil to salt-treated
rhizosphere (SR), and controlled root surface and rhizospheric
soil to control rhizosphere (CR). Low-quality reads were fil-
tered using the QIIME software (Quantitative Insights into
Microbial Ecology, v1.8.0), and sequencing quantities of each
soil sample counted were listed in Supplementary Table S1. In
total, 761,664 passed quality screening for groundnut rhizo-
sphere and most of the sequence lengths were between 440
and 460 bp (Supplementary Fig. S1a and Table S1).
Operational taxonomic units (OTUs) were generated with a
97% threshold identity. A total of 3505 OTUs were found in
groundnut rhizosphere soil samples, in which 3078 OTUs
were shared by both the soil groups, while 210 and 217
OTUs were only present in CR and SR, respectively
(Supplementary Fig. S1b).

Alpha diversity analysis of groundnut bacterial
community richness and diversity

Community richness and diversity of bacterial ecosystem was
examined via alpha diversity analysis. Rarefaction curve anal-
ysis showed a high sequencing depth in each groundnut rhi-
zosphere samples (Fig. 1a). In species accumulation curves,
the rate of increase of new species followed with the increase
in sample size during sampling of the population, suggesting
that the sequencing depth was high enough to observe com-
munity richness (Fig. 1b). Rank abundance curve showed that
SR and CR had high species evenness and homogeneity (Fig.
1c). Many other indices were also performed in this study
(Sobs, Shannon and Simpson, Chao1 and ace, and coverage),
which can also reflect the alpha diversity of the bacterial com-
munity (Fig. 1d and Supplementary Table S2). All the results

Table 1 Effects of salt stress on morphology and pod yield of groundnut

Treatment Plant morphology Pod yield

Main stem
height

Number of lateral
branches

Lateral branch
length

Number of
leaves

100 pods weight
(g)

100 seeds weight
(g)

Number of total
pods per plant

CK 16.37 + 1.2a 7.7 + 0.92a 16.2 + 0.95a 10.0 + 1.01a 212.22 + 10.61a 83.01 + 2.56a 10.33 + 1.53a

Salt stress 11.8 + 1.25b 8.7 + 0.85a 12.23 + 1.46b 8.67 + 1.15a 175.67 + 7.81b 65.09 + 2.84b 8.63 + 0.58a

Mean values marked followed by different letters differ significantly at p < 0.05 (Duncan test)
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show that no significant difference in alpha diversity among
the different soil samples of groundnut rhizosphere.

Groundnut rhizosphere bacterial community
structure analysis

To further analyze the bacterial community structure,
abundance distributions of each sample at five levels
of classification (phylum, classes, orders, families, and
genus) were obtained. Average relative abundances of
two soil groups were classified into 31 phyla, but only
11 phyla were found at a relative abundance of > 1%
(Supplementary Table S3). Most of the bacteria were
b e l o ng ed t o P r o t e ob a c t e r i a , Ac t i n ob a c t e r i a ,
Saccharibacteria, Chloroflexi, Acidobacteria, and
Cyanobacteria at the phylum level, accounted for more
than 80% of bacterial sequences in both SR and CR
(Fig. 2a). Saccharibacteria, Cyanobacteria, and
Acidobacteria increased and dominated in SR, while
the abundance of Actinobacteria, Chloroflexi, and
Verrucomicrobia decreased in the salt-treated soils com-
pared with the CR (Fig. 2a).

At the class level, the groundnut rhizosphere bacterial com-
munity structure consisted mainly of Actinobacteria,
Alphaproteobacteria, Acidobacteria, Betaproteobacteria,
Gemmatimonadetes, and Cyanobacteria (Fig. 2b and

Supplementary Table S4). Compared with soil without salt
treatment, Cyanobacteria increased as the dominant class in
SR. However, Actinobacteria and Chloroflexia decreased in
SR compared with that in CR (Fig. 2b). Sphingomonadales
was the most abundant order. Sphingomonadales,
SubsectionIII, and norank_p_Saccharibacteria increased in
SR, whereas Micrococcales and Gaiellales demonstrated the
reve r se (F ig . 2c ) . Norank_p_Saccha r ibac t e r i a ,
S p h i n g om o n a d a c e a e , G emm a t i m o n a d a c e a e ,
Micrococcaceae, and norank_o_Acidimicrobiales were the
abundant families in groundnut rhizosphere soils (Fig. 2d).

An in-depth investigation at the genus level showed that 495
taxa were classified from SR and CR, whereas most of the
genera were less than 7%, implying high bacterial diversity in
the two groundnut rhizosphere soil groups (Supplementary
Excel S1). As shown in Fig. 3a, norank_p_Saccharibacteria,
Sphingomonas , unclass i f ied_f_Micrococcaceae ,
norank_o_Acidimicrobiales, unclassified_k_norank,
Gemmatimonas, norank_o_Gaiellales, and Microcoleus were
predominantly found in rhizosphere soil. Salt treatment in-
creased the abundance of Sphingomonas and Microcoleus but
reduced the number of unclassified_f_Micrococcaceae and
norank_o_Gaiellales (Fig. 3a and Supplementary Table S5).
Moreover, many sequences named as “norank” or “unclassi-
fied” were all unidentified species but were abundant in
groundnut rhizosphere soils, demonstrating that the groundnut

Fig. 1 Alpha diversity analysis of
groundnut rhizosphere bacterial
community richness and
diversity. a Rarefaction curve
analysis showing the depth of 16S
rRNA gene sequencing and the
possibility of 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
polyline on horizontal axis
reflects the number of operational
taxonomic units (OTUs) in
sample and represents the
richness of bacterial community.
Flatness of polyline reflects the
evenness of bacterial community
composition. d OTU levels via
sobs index analysis showing the
relative species abundance in two
soil groups
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soil remained a challenging reservoir of biodiversity which
needed to further study (Fig. 3a). The generic diversity between
two soil groups was clearly demonstrated by Wilcoxon rank-
sum test, and Sphingomonas, norank_p_Saccharibacteria, and
Microcoleus were predominant genera in salt-treated groups
(Fig. 3b and Supplementary Fig. S2). Thus, salt stress can
quickly lead to the shift of bacterial communities and enrich-
ment of some specific bacterial species.

Clustering analysis of rhizosphere bacterial
community composition

In order to observe the similarities and dissimilarities
between two soil groups, principal component analysis
(PCA), principal co-ordinates analysis (PCoA), and clus-
tering analysis were performed. PCA analysis showed
distinct differences in bacterial communities between
SR and CR. The first two principal components (PC1
and PC2) of PCA explained 30.4% and 20.56% of total
variations, respectively (Fig. 4a). PCoA analysis also
showed that the bacterial community structures of SR

and CR were divergent (Fig. 4b). At the same time,
analysis of similarities or dissimilarities between and
within soil groups was determined, and the results re-
vealed that there was a significant bray_curtis distance
between SR and CR. However, duplicate samples within
SR and CR had very little bray_curtis distance (Fig.
4c). Cluster analysis revealed that the bacterial commu-
nity structure of SR and CR were diverse, whereas the
duplicate samples in SR and CR were similar to other
beta diversity analyses (Fig. 4d).

Phylogenetic tree analysis showed that Microcoleus
and Sphingomonas were the most abundant genera in
salt-treated groundnut rhizosphere (Fig. 5a and
Supplementary Fig. S3). In order to check the distinct
differences in bacterial community structure between the
two soil groups, high and low abundance taxa of top 50
most abundant genera were distinguished via heat map.
Sphingomonas and Microcoleus at the genus level were
relatively abundant in the groundnut rhizosphere under
salt stress conditions (Fig. 5b). Thus, all the results
show that salt stress leads to the shift of bacterial

Fig. 2 Bacterial community structure in groundnut rhizosphere. a The
percent of bacterial community abundance at the phylum level in two soil
groups in groundnut rhizosphere. The relative abundance is calculated by
averaging the abundances of duplicate samples in each soil group in
groundnut rhizosphere. b The percent of bacterial community
abundance at the class level in two soil groups in groundnut
rhizosphere. The relative abundance is calculated by averaging the
abundances of duplicate samples in each soil group in groundnut
rhizosphere. c The percent of bacterial community abundance at the

order level in two soil groups in groundnut rhizosphere. The relative
abundance is calculated by averaging the abundances of duplicate
samples in each soil group in groundnut rhizosphere. d The percent of
bacterial community abundance at the family level in two soil groups in
groundnut rhizosphere. The relative abundance is calculated by averaging
the abundances of duplicate samples in each soil group in groundnut
rhizosphere. The names of “norank” and “unclassified” are all
unidentified species obtained directly from database via sequence
alignment
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communities and enrichment of Sphingomonas and
Microcoleus at the genus level, which may have

implications for groundnut survival and salt tolerance
as PGPRs.

Fig. 4 Beta diversity analysis. a Two-dimensional ranking of the princi-
pal component analysis (PCA) analysis. The same color points belong to
the same soil group, and the same soil group points are marked by ellip-
ses. b Multi-dimensional ranking of the principal co-ordinates analysis
(PCoA) anal analysis. The same color points belong to the same soil
group, and the same soil group points are marked by ellipses. c

Analysis of similarities showing the similarity and dissimilarity between
two soil groups. d Hierarchical clustering is clustered according to soil
groups’ similarity. Branch length between soil groups represents the de-
gree of similarity between the two soil groups. The samples belonging to
the same soil group are closer to each other and the samples from different
soil groups are farther apart

Fig. 3 Bacterial community structure and diversity in salt-treated and
untreated groundnut rhizosphere. a Percent of bacterial community abun-
dance at the genus level in two soil groups. The relative abundance is
calculated by averaging the abundances of duplicate samples. b Bacterial
community diversity in salt-treated and untreated groundnut rhizosphere

via Wilcoxon rank-sum test bar plot. The left image represents the pro-
portions of various genera in two soil groups. The right image represents
the difference between proportions in 95% confidence intervals. The
names of “norank” and “unclassified” are all unidentified species obtain-
ed directly from database via sequence alignment
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Specific phylotypes of groundnut rhizosphere
bacterial community modulate by salt stress

Linear discriminant analysis (LDA) effect size (LEfSe) as an
algorithm for high-dimensional biomarker discovery and ex-
planation of genomic features was employed to identify spe-
cific phylotypes of groundnut rhizosphere responding to salt
stress. Statistical analysis was performed from phylum to ge-
nus level in cladograms, and LDA scores of three or greater
were confirmed by LEfSe (Fig. 6 and Supplementary Fig. S4).

Fig. 6 Cladogram showing specific phylotypes of groundnut rhizosphere
responding to salt stress. Indicator bacteria with linear discriminant
analysis (LDA) scores of three or greater in bacterial communities asso-
ciated with soil from salt-treated and untreated soil groups. Circles indi-
cate phylogenetic levels from phylum to genus (from the inner circle to

the outer circle). The diameter of each circle is proportional to the abun-
dance of the group. The names of “norank” and “unclassified” are all
unidentified species obtained directly from database via sequence
alignment

�Fig. 5 Taxonomic analysis through phylogenetic tree and heat map. a A
phylogenetic tree showing the relationship between salt-treated and un-
treated soil groups. The phylogenetic tree was constructed on the basis of
16S rRNA gene sequences. Bootstrap values were obtained from a search
with 1000 replicates and are shown at the nodes. Species names and
proportions in two soil groups showing in the right. b The heat map
visualization with hierarchical clustering of the top 50 most abundant
genera was generated according to the similarity between their constitu-
ents and were arranged in a horizontal order according to the clustering
results. In this figure, red represents the more abundant genera in the
corresponding sample, and blue represents the less abundant genera
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In salt-treated group, five groups of bacteria were enriched,
namely Cyanobacteria (the phylum and class), SubsectionIII
( t h e o r d e r a n d f a m i l y , S u b s e c t i o n I I I a n d
FamilyI_o__SubsectionIII), Gemmatimonadetes (from phy-
lum to genus), Sphingomonadaceae (the family and genus,
Sphingomonadaceae and Sphingomonas), and Microcoleus
(genus) (Fig. 6). For example, Cyanobacteria and
Microcoleus were predominant phylotypes in bacterial com-
munities of SR but was notably low in CR in LEfSe bar
(Supplementary Fig. S4). On the contrary, four groups of bac-
teria were detected to be enriched in CR, namely
Actinobacteria (from order to genus), Micrococcales (the or-
der Micrococcales), Rhizobiaceae (the family and genus,
Rhizobiaceae and unclassified_f__Rhizobiaceae), and
Gammaproteobacteria (class) (Fig. 6). Taken together, all the
results indicate that Cyanobacteria as predominant phyla may
be favorable bacteria for salt resistance mechanisms in
groundnuts.

Metabolic functional features prediction
of groundnut rhizosphere bacterial community

To better understand the important role of bacterial commu-
nity isolated from groundnut rhizosphere, PICRUSt10

(phylogenetic investigation of communities by reconstruction
of unobserved states) program was used to predict metabolic
functional features of bacterial community via 16S rRNA
based high-throughput sequencing data in the context of
Cluster of Orthologous Groups (COG) database. Most of the
metabolic functions such as amino acid transport and metab-
olism, carbohydrate transport and metabolism, energy produc-
tion and conversion, and transcription were enriched in CR
group, which implies that the bacterial metabolism tended to
be vigorous in the normal groundnut rhizosphere soil samples
than that in salt-treated samples (Figs. 7a, b). However, three
stress-related classifications (posttranslational modification,
protein turnover, chaperones; signal transduction mechanism;
replication recombination and repair) were enriched in SR
group (Fig. 7a). These vigorous function groups may be relat-
ed to the stress response of bacterial community in the salt-
treated soil group.

qPCR of specific bacterial groups

To further verify the 16S rRNA gene sequencing data, qPCR
assay further confirmed the changes in the abundance of the
main bacterial phyla (Proteobacteria, Actinobacteria,
Saccharibacteria, Chloroflexi, Acidobacteria, and

Fig. 7 The bacterial functional features in salt-treated and untreated soil
groups via Cluster of Orthologous Groups (COG) analysis. a Box plot
showing the relative abundance and diversity of various functional groups
in two soil groups. b Bar chart showing the relative abundance and

diversity of functional groups in salt-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 at the bottom
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Cyanobacteria) in all soil samples. In addition to
Saccharibacteria, the numbers of Cyanobacteria and
Acidobacteria were significantly higher in salt-treated ground-
nut rhizosphere soils, whereas Actinobacteria and Chloroflexi
were lower in these soil samples as the taxonomic analysis in
Fig. 2a (Fig. 8). Most of the results were consistent with the
16S rRNA gene sequencing analysis. Taken together, all the
results indicate that Cyanobacteria and Acidobacteria as pre-
dominant phyla in salt-treated soils may be favorable bacteria
for salt resistance mechanisms in groundnuts.

Discussion

Salinity is the main threat worldwide declining agricultural
productivity. In our study, soil salinity is adversely affecting
the growth and yield of groundnuts. The main stem height,
lateral branch length, and pod yield showed a significant
downward trend in the salt-treated group (Table 1).
Therefore, it is urgently needed to ameliorate the impact of
saline land on global groundnut production by some efficient
approach. At present, the imperfection of groundnut genome
sequence and the difficulty of genetic transformation hinder

the molecular mechanism studies and genetic engineering of
groundnut to some extent. Rhizosphere-associated microbes
have been reported to influence salt tolerance mechanisms in
plants (Ullah et al. 2018; Ullah et al. 2017). Studying the
colonization of bacterial community and further selecting
and inoculating the beneficial bacteria may be a practical
and meaningful strategy to alleviate the impact of saline land
on groundnut production to some extent. In the current work,
the groundnut bacterial community diversity under salt stress
and normal conditions was examined via high-throughput se-
quencing of 16S rRNA gene. Here, salt stress can quickly lead
to the shift of bacterial community and enrichment of specific
bacterial species in groundnut rhizosphere soils. The relative
abundance of Cyanobacteria and Acidobacteria increased,
while that of Actinobacteria and Chloroflexi decreased in
salt-treated rhizosphere compared with that in rhizosphere un-
der normal conditions via verifying by qPCR assay (Figs. 2
and 8). Cyanobacteria is crucial in improving soil environ-
ments via accumulating soil carbon and nitrogen (Bullerjahn
and Post 2014). Previous study has demonstrated that
Cyanobacteria can survive in saline-alkali soil (Masuda and
Enrich-Prast 2016; Singh 2018). Moreover, it has been well
documented that Acidobacteria show great adaptive abilities

Fig. 8 Quantification of genes involved in major bacterial communities
under different groundnut rhizosphere soils. The genes of a α-
Proteobacteria, b β-Proteobacteria, c Actinobacteria, d Saccharibacteria,
e Chloroflexi, f Acidobacteria, g Cyanobacteria. Error bars indicate SEM

(N = 3), p < 0.05. One-way ANOVA Duncan’s test was used for statisti-
cal analysis. Statistical differences are indicated by lowercase letters and
different letters represent different significance. These experiments were
repeated three times
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and grow well in an environment poor in nutrients or contain-
ing high concentration of salt (Foesel et al. 2014; Szymanska
et al. 2018). Therefore, the higher Cyanobacteria and
Acidobacteria in salt-treated rhizosphere may help groundnuts
maintain necessary physiological functions under salt stress
and then enhance the ability to withstand salt stress.

Taxonomic analysis showed that the bacterial community
structure predominantly consisted of genera Sphingomonas,
n o r a n k _ p _ S a c c h a r i b a c t e r i a ,
unclassified_f_Micrococcaceae, norank_o_Acidimicrobiales,
Gemmatimonas,Microcoleus and norank_o_Gaiellales in the
groundnut rhizosphere soils under normal and salt stress con-
ditions (Fig. 3). Salt treatment increased the abundance of
Sphingomonas and Microcoleus but reduced the abundance
of unclassified_f_Micrococcaceae (Fig. 3). The salt-induced
microbes, Sphingomonas and Microcoleus, may enhance
plant growth and salt tolerance as PGPRs. Sphingomonads
are often found in hostile environments due to their ability to
degrade a wide range of toxic substances (Peng et al. 2008).
Moreover, Sphingomonas are believed to play an important
role in nitrogen fixation and denitrification in the nitrogen
cycle (Xie and Yokota 2006). The role of Microcoleus in
Cyanobacteria phylum in plant growth promotion under salt
stress and desiccation condition have also been well docu-
mented (Masuda and Enrich-Prast 2016; Tashyreva and
Elster 2015). Thus, these salt-induced rhizobacteria
Sphingomonas and Microcoleus may enhance groundnut
growth and improve tolerance to salt stress in some specific
mechanisms, such as the improvement of the nitrogen cycle
and nutrient uptake, scavenging of toxic substances as
PGPRs. These await further study. The soil bacterial commu-
nity might be important to plants in maintaining essential
functions under salt stress. In studying the predicted function
features of the bacterial community, we found that three
stress-related groups (posttranslational modification, protein
turnover, chaperones; signal transduction mechanism; replica-
tion recombination and repair) were predicted to be higher in
salt-treated soils (Fig. 7). Some chaperones, such as heat
shock proteins, are known as salt tolerance enhancers for
plants (Fu et al. 2016; Guan et al. 2018). Higher signal trans-
duction mechanism in the bacteria of salt-treated soils may
confer high tolerance levels to stress and toxic compounds
as PGPRs (Dai et al. 2019; Wu et al. 2018). In addition, the
vigorous basic biological process, replication recombination,
and repair in salt-treated rhizosphere may also contribute to
improving stress tolerance for groundnuts (Dai et al. 2019). In
the further study, we will propagate and inoculate moderately
beneficial bacteria into the rhizosphere soil and analyze the
relationship between salt stress tolerance and pod yield of
groundnut and soil microbial community. Managing rhizo-
sphere microbes and maintaining the balance of beneficial
and harmful microbes in the soil are crucial to the effective-
ness of cropping practices.
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