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Abstract

This study assessed the influence of rhizocompartment types (i.e., root, rhizosphere
soil, root-zone soil, and intershrub bulk soil) on the diversity of soil microbial commu-
nities under desert leguminous plant shrubs. Moreover, the influence and variations
of soil physicochemical factors in interactions among leguminous plants, soil, and mi-
crobes were investigated. Both 16S rRNA high-throughput genome sequencing and
conventional soil physicochemical index determination were used to characterize
both the bacterial diversity and soil physicochemical properties in the rhizocompart-
ments of two Hedysarum species (Hedysarum mongolicum and Hedysarum scoparium)
in the Mu Us Desert of China. All nutrient indices (except total phosphorus and
available phosphorus) in rhizosphere soil were uniformly higher than those in both
root-zone soil and intershrub bulk soil (p < .05). The bacterial community diversity
in the root, undershrub soil (i.e., rhizosphere and root zone), and intershrub bulk soil
also showed significant differences (p < .05). The bacterial community in the root
is mainly composed of Proteobacteria, Actinobacteria, Bacteroidetes, Tenericutes,
and Chloroflexi, among which bacteria of the Proteobacteria genus are dominant.
Root endophyte and rhizosphere soil microbiomes were mainly influenced by soil
nutrients, while bacterial communities in root-zone soil and intershrub bulk soil were
mainly influenced by soil pH and NH4+-N. The rhizocompartment types of desert
leguminous plants impose a significant influence on the diversity of soil microbial
communities. According to these findings, nitrogen-fixing rhizobia can co-exist with
nonsymbiotic endophytes in the roots of desert leguminous plants. Moreover, plants
have a hierarchical filtering and enriching effect on beneficial microbes in soil via
rhizocompartments. Soil physicochemical factors have a significant influence on both
the structure and composition of microbial communities in various rhizocompart-
ments, which is derived from the interactions among leguminous plants, soil, and

microbes.
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1 | INTRODUCTION

In desert areas, the climate and environment are extremely harsh;
the constant aridity, deficiency of soil nutrients and organic mat-
ter, and degradation of land all pose serious threats to human
survival and biological diversity (Zhu, Li, Li, Liu, & Xue, 2010). In
this context, the improvement of soil texture and fertility, and
the restoration of ecological vegetation have become urgent is-
sues (Wang et al., 2012). The genus Hedysarum Linn. comprises
leguminous plants that are extensively distributed in deserts.
Their roots are characterized by a strong sprouting ability, a
deep taproot, high stress resistance, and high nitrogen-fixing
efficiency. The genus Hedysarum plays a vital role in improving
soil fertility, fixing soil and sand, and restoring vegetation; these
are pioneer plants, often used in the ecological restoration of
deserts (Hou, He, Li, Wang, & Zhao, 2019; Xie, He, Wang, Hou, &
Sun, 2017). Hedysarum mongolicum and Hedysarum scoparium are
two species endemic to quicksand environments in Asian des-
erts with their main distribution in the desert areas of Northwest
China (Sun et al., 2017; Xie et al., 2017). Plants of this species
have well-developed roots and can withstand both wind erosion
and extreme aridity, thus making them effective pioneer spe-
cies for vegetation restoration efforts in northwest China (Gao
et al., 2014; Lai et al., 2016; Sun et al., 2017). In addition, H. sco-
parium can be used as forage grass to support animal husbandry,
and as an oil extraction source of woody oil and fibrous plants.
Yang et al. (2010) studied the effects of soil moisture on the
growth of Hedysarum seedlings in desert areas and found that
the rapid growth of roots during the seedling stage effectively
adapts to extreme drought environments and controls the wind-
ward side of sand dunes, thereby slowing down the movement
of sand dunes. Studies have also shown that Rhizobium sullae
cannot survive independently under extreme drought or alka-
line environments that Hedysarum plants can tolerate. When the
bacteria establish a mutually beneficial symbiotic relationship
with Hedysarum plants (Yates et al., 2015), they rely on the host
plant to survive and in turn provide host plants with nitrogen
for growth via nitrogen fixation (Sablok et al., 2017; Squartini
et al., 2002).

The soil supports the growth of plants and supplies them with
nutrients needed for growth. At the same time, with plants fix-
ing external carbon sources, the physical, chemical, and biological
characteristics of the soil are, in turn, improved (Pérez-Bejarano
et al., 2010). Some previous studies pointed out that the distribution
and growth of vegetation communities in desert ecosystems are re-
stricted, with varying degrees, by the soil microorganisms (Mengual,
Schoebitz, Azcén, & Roldan, 2014; Saul-Tcherkas & Steinberger,
2011). As a driving force in the transformation of soil organic mat-
ter and nutrients, soil microbes are pivotal in ensuring the stability
and sustainability of ecosystems (Kennedy & Smith, 1995). Soil mi-
crobes are important components of belowground biota and are
essential for a wide range of ecosystem processes such as decom-

position, nutrient cycling, soil carbon storage, and maintenance of

the soil structure (Kardol & Wardle, 2010; Zeller, Liu, Buchmann, &
Richter, 2008; Zelles, 1999).

Rhizobia are Gram-negative bacteria that are extensively dis-
tributed in soil. They can infect and live on leguminous plants, form
nodules in their roots, supply the nitrogen nutrients needed by
leguminous plants during growth through nitrogen fixation from
soil and air, and build a mutualistic symbiotic relationship with le-
guminous plants (Batut & Boistard, 1994; He & Zhu, 1998). This
interaction is based on unique transcription and the signal trans-
mission of symbiotic genes of the host plant and rhizobia, which in
turn trigger the corresponding organogenesis and adaptive phys-
iological response of the host plant (Sablok et al., 2017). Various
studies have shown that R. sullae is an efficient nitrogen-fixing
rhizobium that can enter the root system of the genus Hedysarum
and establish a mutually beneficial symbiotic relationship with the
host (Yates et al., 2015). Although R. sullae cannot survive in the
extreme environment that the genus Hedysarum can tolerate, the
bacteria can rely on the host plant to survive in an arid or alkaline
environment (Sablok et al., 2017). And the interaction between
such a wide range of plants and microorganisms mostly occurs in
the rhizosphere soil, where plant root systems are in close contact
with the soil.

In research on plant-associated microbes, the diversity of rhi-
zospheric microbes has increasingly become a focus of attention
(Bulgarelli et al., 2012; Edwards et al., 2015; Lundberg et al., 2012;
Philippot, Raaijmakers, Lemanceau, & van der Putten, 2013). Since
they inhabit narrow rhizocompartments that surround plant roots,
microbial communities strongly affect the growth and nutrient ab-
sorption of plants, and even the structure and distribution of plant
communities (Hoeksema et al,, 2010; Ke & Miki, 2015; Maron,
Marler, Klironomos, & Cleveland, 2011). In turn, plants regulate the
soil pH and the structure of rhizocompartments via root exudates,
thus substantially influencing microbial communities in the rhizo-
sphere and root-zone soils (Gottel et al., 2011; Maron et al., 2011).
In addition, numerous rhizospheric microbes can enter root tissues
and form an endophyte microbiome, which may form a substantially
different community composition from that of the rhizospheric mi-
crobiome (Lundberg et al., 2012; Xie et al., 2017). Hiltner has defined
this differential phenomenon as the “rhizosphere effect” (Hartmann,
Rothballer, & Schmid, 2008). Rhizocompartments constitute a spe-
cial micro-ecosystem. Differences in various soil factors among
roots, rhizosphere soil, and nonrhizosphere soil can be used both as
a reflection of the intensity of the rhizosphere effect and to charac-
terize the degree of interaction between plants and soil. Assessment
of these factors offers a feasible method for the quantitative study
of bacterial diversity in the rhizocompartments of desert leguminous
plants.

This study investigated the diversity of microbial communities of
two Hedysarum Linn. desert leguminous plants and their undershrub
rhizocompartments. The obtained data support desertification con-
trol, degraded land restoration and provide guidance for the devel-
opment of future governance measures. The main hypotheses of

this paper are as follows: (a) bacterial communities show hierarchical
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diversity and differential variations in undershrub and intershrub
soils of desert leguminous plants; (b) the diversity of microbial com-
munities in the rhizocompartments of desert leguminous plants is
driven by interactions among soil factors, leguminous plants, and

microbes in rhizocompartments.

2 | METHODS AND MATERIAL
2.1 | Research site

This study was conducted at the Yanchi Research Station (37°04'-
38°10'N, 106°30'-107°47'E) in Ningxia Province, northwest China,
in June 2018 (Figure 1). The study site is located at the southern
fringe of the Mu Us Desert, which is characterized by a typical
semiarid continental monsoon climate with dry and warm climate
throughout the year. The mean annual temperature is 8.1°C (range:
-29.4°C to 37.5°C; relative humidity range: 49%-55%), and a mean
annual rainfall of ~292 mm, 60%-70% of which falls between July
and September (maximum in August). The local soil type is eolian
sandy soil (Yu et al., 2015). The soil texture of the study area is sandy
in the 0-1 m profile, with a mean bulk density of 1.5 g/cm® (Lai
et al., 2016). Ecological degradation in this area is mainly caused by
overgrazing, climate change, and wind erosion, which has resulted
in the degradation of arid grasslands into sandy land. The existing
vegetation was established via aerial seeding (mainly Artemisia or-
dosica, H. mongolicum, and H. scoparium), seedling planting (Caragana
microphylla), and natural restoration, which began in 2001 (Lai
etal., 2016). Currently, the major dominant xeric shrub species in this
area include A. ordosica, H. mongolicum, Salix psammophila, H. scopar-
ium, and C. microphylla.

2.2 | Sampling strategy and physicochemical
analysis of soil

The common dominant xeric leguminous shrub species of this area
were selected for analysis, namely, H. mongolicum and H. scoparium.

0

FIGURE 1 Location of the study area
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These two leguminous plants are both dominant xeric shrub spe-
cies that naturally co-occur and are widely distributed in the
desert areas of Northwest China (including the study area). The
two shrub species selected for this study were collected from a
sample plot, formed via aerial seeding and natural enclosure; the
adaptability of plants of these species to a desert environment and
their ecological restoration effects have received close attention
(Gao et al., 2014; Lai et al., 2016; Sun et al., 2017). The sample
plants were mainly distributed on the sunny slopes of immobilized
dunes that had formed via natural enclosure. Three sample plots
(100 x 100 m, 100 m apart) were established for each species.
For each shrub species, five shrubs were randomly selected from
the immobilized sample plots and both plant root tissue and soil
samples were collected. We had initially considered to include
the legume nodule samples, but during the actual sampling, we
found that the two Hedysarum spp. chosen, rarely have nodules
in their root systems. Thus, we could not collect the nodules, as
other studies have (Edwards et al., 2015; Xiao, Chen, et al., 2017).
Occasionally, the nodule samples were available, but the 16S rRNA
high-throughput gene sequencing analysis of the collected sam-
ples showed that the composition of the nodule endophytic com-
munity and the bacterial community in the root system involved
were not significantly different. We believe that this might be
because (a) the extremely harsh desert environment makes it dif-
ficult for genus Hedysarum to form nodules; (b) the nodules we
occasionally collected might not have been induced by rhizobia,
but could have been enlarged hyperplastic nodules of plant root
tissues, which form part of the root system; and (c) these samples
were collected at the flowering stage of the plant; perhaps, there
are fewer nodules established in the plants at this physiological
stage. Based on the above reasons, we removed the comparison
of nodule grouping data at the time of data analysis. Thus, we
only analyzed the bacterial community diversity in the four rhizo-
compartments, including three types of undershrub sample (i.e.,
root, rhizosphere soil, and root-zone soil) and intershrub bulk soil.
(Figure 2). All samples were collected during the flowering stage
of test plants in June 2018. Samples of the four rhizocompartment
types were based on local conditions and were collected according
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FIGURE 2 Flowchart of the experimental design and sketch of rhizocompartment types (i.e., roots, rhizosphere soil, root-zone soil, and

intershrub bulk soil)

to the sampling method described by Xiao, Chen, et al. (2017).
After excavating to the roots, tweezers were used to pick up the
soil particles adhering to the roots as rhizosphere soil to deter-
mine soil physicochemical properties. After that, roots were dug
out and slightly shaken to remove large attached soil aggregates,
and gloves were worn to collect large soil aggregates as root-zone
soil, which were then put into aseptic bags. Root samples were
obtained from the secondary or tertiary branches of plant roots.
Healthy and intact roots with an even thickness (5-8 cm) were re-
moved and stored in sterile sample bags. Intershrub bulk soil was
collected at the same sampling depth as root-zone soil, 10-40 cm
below intershrub bare soil. All collected samples were stored in
preservation boxes with dry ice and brought back to the labora-
tory for subsequent treatment.

Root samples were first oscillated for 1 min in 50 ml centri-
fuge tubes containing 25 ml PBS buffer (PBS-S; 130 mM NaCl,
7 mM Na,HPO,, 3 mM NaH,PO,, pH 7.0, 0.02% Silwet L-77); then,
two replicates were rinsed with new cleaning fluid at an interval
of 5 min. The turbid liquid was then filtered through a 100-um
nylon mesh cell strainer, and the remainder was centrifuged for
15 min at 3,200 x g to form a pellet, which contained fine sed-
iment and microorganisms as the rhizosphere soil for molecular
biological analysis. Sterile PBS buffer (25 ml) was added to a new
sterile 50 ml tube, which contained the afore-mentioned root sam-
ples, the mixture was vortexed, and this step was repeated until
the PBS buffer was clear. The washed roots were placed into new
centrifuge tubes containing 25 ml PBS buffer for ultrasonic os-
cillation for 5 min; an interval of 30 s was used between the two
replicates. After discarding the fluid, clean root samples were col-
lected. The above-mentioned method for cleaning the root tissues
has been verified by Xiao, Chen, et al. (2017), who proved that this

method could effectively avoid the contamination and damage of

plant tissue samples by subsequent cleaning procedures and could
guarantee the ability of the thus treated samples to represent the
rhizocompartment properties of the shrub species under inves-
tigation. Next, in reference to the sample treatment method de-
scribed by Sun et al. (2017) for bacterial analysis, each collected
plant species was subjected to three replicates according to its
three sample plots. Samples from the rhizocompartments of the
five shrubs in the same sample plot were mixed, and these mixed
samples were established according to the four rhizocompartment
types of each plant species. Each mixed soil sample was homoge-
nized and filtered through a 2-mm soil sieve to remove gravel and
other impurities. Each mixed sample was divided into two subsa-
mples: Part 1 contained 24 DNA samples (2 shrub species x 4 rhi-
zocompartment types x 3 replicates), which were stored at -80°C
for molecular biological analysis. Part 2 contained 18 soil sam-
ples (2 shrub species x 3 rhizocompartment types x 3 replicates),
which were air-dried for physicochemical analysis.

To determine the physicochemical properties of the soil sam-
ples, a conventional approach was adopted to quantify total soil
organic carbon (SOC), total nitrogen (TN), total phosphorus (TP),
available phosphorus (AP), ammonium nitrogen (NH4*-N), nitrate
nitrogen (NO;™-N), and pH. SOC was quantified using the dichro-
mate oxidation method (Walkley & Black, 1934). The TN concen-
tration of soil samples was determined using a semi-micro Kjeldahl
Apparatus Nitrogen Autoanalyzer (Du, Pan, Li, Hu, & Wang, 2011).
AP and TP were measured using an ultraviolet spectrophotometer
(UV-2550; Shimadzu). NH,*-N and NO,™-N were measured using
the indophenol blue method and the hydrazine sulfate method, re-
spectively, and soil pH was recorded on a 1:1 (10 g:10 ml) soil/dis-
tilled water slurry. The soil water content (SWC) was determined
gravimetrically after oven drying at 105°C for 24 hr. All these

methods were analyzed following international standard methods
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as adopted and published by the Institute of Soil Science, Chinese
Academy of Sciences (1978).

2.3 | 16SrRNA gene amplification and sequencing

DNA was extracted from 0.5 g fresh samples using the EZNA Soil
DNA Kit (Omega Bio-Tek) following the manufacturer's instructions
and was stored at -80°C for later use. When extracting tissues in
the root, we only collected the internal tissues of the root system
(excluding any tissues from the root epidermis) for subsequent anal-
ysis. After thawing on ice, extracted DNA samples were centrifuged
separately and fully mixed. Sample quality was determined using
NanoDrop, and 30 ng DNA was used for PCR amplification. PCR
amplification was performed in 25-ul reaction volumes containing
10 x PCR buffer, 0.5 ul dNTPs, 1 ul of each primer, 3 ul bovine serum
albumin (2 ng/pl), 12.5 pl 2 x Taq Plus Master Mix, ultrapure H,0, and
30 ng template DNA. The PCR amplification program included initial
denaturation at 94°C for 5 min, followed by 28 cycles of denaturing
at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C
for 60 s, followed by completion of the PCR amplification program at
4°C. The forward primer F799 (5'-AACMGGATTAGATACCCKG-3')
and the reverse primer R1193 (5-ACGTCATCCCCACCTTCC-3')
were used to target the V5-V7 regions of 16S rRNA. It has been
shown that the selection of hypervariable regions V5-V7 from root
tissues for sequencing effectively decreased host contamination
(Liu, Carvalhais, Schenk, & Dennis, 2017; Sdnchez-Lépez et al., 2018;
Zgadzaj et al., 2016). Both primers contained lllumina adapters, and
the forward primer contained an 8-bp barcode sequence unique
to each sample. An agarose gel DNA purification kit (Axygen
Biosciences) was used to purify and combine PCR amplicons. After
purification, PCR amplicons were mixed at an equimolar concentra-
tion, followed by paired-end sequencing, using the lllumina MiSeq
sequencing system (Illumina) according to a standardized process.
After sequencing using the lllumina MiSeq system (lllumina), the
results were stored in the Fastq format. The quantitative insights
into microbial ecology (QIIME) software (version 1.8; http://qgiime.
org/) were used to analyze original Fastq files and conduct qual-
ity control according to the following criteria (Fierer, Hamady, &
Knight, 2008; Miao et al., 2016): (a) Base sequences with a quality
score < 20 at the read tails were removed, and the window was set
to 50 bp; if the mean quality score in the window was < 20, the pos-
terior-end base sequences were discarded from the window; reads
shorter than 50 bp were removed after quality control; (b) paired
reads were assembled into one sequence according to the overlap-
ping relationship between paired-end reads (minimum overlapping
length: 10 bp); (c) the maximum allowable mismatch ratio of the
overlapping areas of assembled sequences was set to 0.1, and se-
quences that failed to meet this criterion in pairs were removed; (d)
samples were distinguished according to barcodes and primers at
the head and tail ends of sequences, and sequence directions were
adjusted based on the number of mismatches allowed by barcodes;

(e) different reference databases were selected to remove chimeras
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according to the type of sequencing data (using Usearch; version
8.1.1861; http://www.drive5.com/usearch/). Smaller-length tags
were discarded using Mothur to acquire clean tags of high-quality
sequences. The sequences were clustered into operational taxo-
nomic units (OTUs) using UPARSE (version 7.1; http://drive5.com/
uparse/) based on a 97% sequence identity cutoff (excluding single
sequences). Thus, representative sequences and an OTU table were
obtained (Edgar, 2013).

2.4 | Statistics and analysis

The Vegan R package (v3.3.1; R Development Core Team, Vienna,
Austria) was used to analyze the bacterial alpha diversity in the
rhizocompartments of Hedysarum desert leguminous plants. To ac-
quire the species taxonomy information corresponding to each OTU
based on the QIIME platform (http://qiime.org/scripts/assign_taxon
omy.html), the RDP classifier algorithm (http://sourceforge.net/
projects/rdp-classifier/) was used to comparatively analyze the rep-
resentative sequences of OTUs and identify the species information
of the different communities at various levels (kingdom, phylum,
class, order, family, genus, and species). Differences in the OTU com-
position among rhizocompartments (based on Bray-Curtis distance)
were analyzed using one-way analysis of similarity (ANOSIM) with
9,999 permutations. Principal component analysis (PCA) was used
to evaluate the overall similarities in microbial community structure
based on their Euclidean Distance. Hierarchical clustering of the
samples based on Bray-Curtis dissimilarity was performed using
QIIME. To generate statistics on the microbial taxa that contribute to
the significant differences in microbial communities between root/
rhizosphere soil and root-zone soil, the OTUs of intershrub bulk soil
were used as control, and Metastats (Mothur v.1.34.4; https://www.
mothur.org) was employed to determine the significance (p < .05)
of intergroup differences in OTUs. To determine the co-occurrence
network pattern of bacterial communities in the rhizocompartments
and the structural differences between bacterial communities in
each niche, we conducted a spearman correlation analysis on the
species of the 50 most abundant bacterial genus in each rhizocom-
partment. Subsequently, data with a correlation coefficient greater
than 0.7 and p-value < .05 were adopted, and the Gephi software
was used for result visualization. Distance-based redundancy
analysis (db-RDA) and the Mantel test were used to determine the
major soil factors that shape microbial community structures. PCA,
ANOSIM, RDA, and the Mantel test were implemented using the
Vegan package in R 3.3.1 software.

The relative abundance data of all major contributing bacterial
taxa filtered from the four rhizocompartments at phylum-order-ge-
nus levels were log-transformed, thereby adhering to the require-
ments for normality of data and homogeneity of variance. The
Shapiro-Wilk test and the Levene test were used to test for data
normality and homogeneity of variance, respectively. Differences
among treatments for diversity index, relative abundance data at

phylum-order-genus levels, and soil physicochemical factors were
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analyzed using one-way ANOVA, incorporating plant rhizocom-
partments as fixed factor. Post hoc comparison least significant dif-
ference (LSD) tests were performed at a 0.05 confidence level. All

analyses were completed using SPSS 20.0 (SPSS Inc.).

3 | RESULTS
3.1 | Soil properties

In this experiment, soil samples were collected from undershrub (i.e.,
rhizosphere and root zone) and intershrub zones of H. mongolicum
and H. scoparium. Variations were found in the soil physiochemical
properties of rhizosphere, root-zone soil, and intershrub bulk soil
in both species. In both cases, the pH of the rhizosphere soil was
lower than that of the root-zone soil. The contents of all nutrients
(except TP) in rhizospheres, root-zone soil, and intershrub bulk soil
showed significant differences (p < .05) (Table 1). A slight deficiency
in NH4*-N was observed in rhizosphere soils under both shrub spe-
cies; however, for all other nutrient indices (except for TP and AP),
values in rhizosphere soil were uniformly higher than those in both
root-zone soil and intershrub bulk soil (Table 1).

Overall, the nutrient contents (except TP) of the undershrub soil
were higher than those of intershrub soil (and significant differences
were observed; p < .05).

3.2 | Alpha and beta diversity of rhizocompartment
bacterial communities

As shown in Table S1, all samples of the two Hedysarum Linn. le-
guminous plants achieved sound sequencing quality. The length
distribution of high-quality sequences (i.e., clean reads) was mainly
concentrated at 360-380 bp, accounting for 88.05% of the total

number of sequences (i.e., reads). Good's coverage index had a high

comparability for the sequencing depth of the four rhizocompart-
ment types (root, rhizosphere soil, root-zone soil, and intershrub
bulk soil), with a range of 95.57%-96.70%. This suggests that the se-
quencing depth was sufficient to reliably describe these plant rhizo-
compartment-related bacterial communities (Table S1). The Good's
coverage indices of root samples were also significantly higher
than those of undershrub and intershrub bulk soil samples (p < .05)
(Table S1). According to related data, the Chaol and Shannon indices
and the observed OTUs of microbial communities in undershrub soil
samples are both significantly higher than those in plant root tissues
(p < .05) (Table 2). By comparison, for the two desert leguminous
plants, plant species and plant rhizocompartments jointly affect the
alpha diversity of soil bacterial communities under and inter shrubs,
but rhizocompartments play a leading role (Table 2).

PCA was used to rank the bacterial community compositions
of the four rhizocompartments of the two Hedysarum species. The
contributions of the primary and secondary principal coordinates
were 29.52% and 12.88%, respectively. There were significant dif-
ferences among the endophyte microbiomes of root and rhizosphere
soil, root-zone soil, and intershrub bulk soil (Figure 3). In summary,
the samples from the same rhizocompartment sequencing group
all clustered together, and the similarity level clustered above 95%
(Figure 3a). Similar results were also obtained by grouping sources
of various rhizocompartment samples and for hierarchical clustering
based on a Bray-Curtis distance matrix at the phylum level, thereby
verifying the clustering performance (Figure 3b). The results of hi-
erarchical clustering analysis indicated that root samples of the two
Hedysarum species clustered according to rhizocompartment type;
the other three rhizocompartments (i.e., rhizosphere soil, root-zone
soil, and intershrub bulk soil) differed from root samples, and sam-
ples of undershrub soil did not cluster completely according to their
respective rhizocompartment types (Figure 3b). Analysis of similar-
ities (ANOSIM) showed that the bacterial community composition
varied with both rhizocompartment type (R = .627, p = .001) and
shrub species (R =.205, p = .009) (Figure S1).

TABLE 1 Soil physicochemical properties of undershrub (rhizosphere, root zone) and intershrub bulk soil (n = 3)

HM HS
Variable Rhizosphere Root zone Bulk soil Rhizosphere Root zone Bulk soil

SOC (g/kg) 1.99 +0.02 1.75 £ 0.03° 1.58 + 0.03° 1.79 £ 0.15° 1.67 £0.132 1.51 + 0.05°
pH 798 £ 0.13° 8.32 +0.18° 8.49 +0.11° 7.79 £ 0.14° 8.36 + 0.21° 8.47 + 0.25°
TN (k/kg) 0.32 +0.03° 0.21+0.02° 0.12 +0.01° 0.30 + 0.03? 0.24 +0.02° 0.21+0.02°
NH,*-N (mg/kg) 6.94 + 0.02° 711 +0.02° 7.27 + 0.05° 6.92 +0.05° 7.34 +00.12° 7.39 + 0.03°
NO,™-N (mg/kg) 16.52 +0.21° 13.14 + 0.26° 11.77 + 0.65¢ 15.37 + 0.55° 12.18 + 0.51° 11.89 + 0.10°
TP (k/kg) 0.25 + 0.02° 0.23 + 0.02° 0.22 +0.02° 0.32 + 0.02° 0.30 + 0.01° 0.29 +0.01°
AP (mg/kg) 4.02 +0.20° 3.92 +0.13° 3.15+0.20° 3.26 +0.11° 293+0.18° 2.96 + 0.07°
SWC (%) 8.08 + 1.24° 6.01 +0.43° 4.82 +0.32° 6.07 +0.23° 4.67 +0.16° 3.98 + 0.05°

Note: Data presentation: mean + SD, n = 3; HM: Hedysarum mongolicum; HS: Hedysarum scoparium; bulk soil: intershrub bulk soil.

Different letters indicate significant differences between rhizosphere soil and root-zone soil (p < .05).

Abbreviations: AP, available P; NH4+-N, ammonium nitrogen; NOS’-N, nitrate nitrogen; SOC, soil organic carbon; ST, soil temperature; SWC, soil

water content; TP, total phosphorus.
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TABLE 2 General features of the high-throughput sequencing results (n = 3)

a-diversity index

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Shrub species Rhizocompartments Chaol Shannon OTUs

HM r 2,129.92 + 136.28° 7.63 + 1.04° 1,380.67 + 189.01°
rs 2,956.26 + 248.03° 9.41 +0.22° 2,138.50 + 204.54°
rz 2,758.09 + 57.84° 9.20 + 0.22° 1,939.73 + 84.27°
b 2,375.57 + 116.77° 8.74 +0.17° 1,707.47 + 70.84°

HS r 2,086.58 + 200.28° 7.34 + 0.30° 1,259.00 + 149.94°
rs 3,026.28 + 131.57° 9.39 + 0.29° 2,173.8 + 191.76°
rz 2,951.88 + 61.28° 9.22 +0.10° 2,074.67 + 78.36
b 3,056.71 + 156.03° 9.28 + 0.23° 2,169.53 + 136.45°

FShrubspecies 1.95ns 0.33ns 0.70 ns

[T 14.88 26.55 23.2
Fohrub speciesxrhizocompartments 15.87 11.56 16.84

Note: Data are presented as mean + standard deviation, n = 3. HM: Hedysarum mongolicum; HS: Hedysarum scoparium.

r: root; rs: rhizosphere soil; rz: root-zone soil; b: intershrub bulk soil.

Different letters signify significant differences among four rhizocompartments (p < .05). ns: no significant difference.

The last three rows represent the F values of the interactions between plant species/rhizocompartment types (shrub species x rhizocompartments).

3.3 | Taxonomic composition of rhizocompartment
bacterial communities and strategy for hierarchical
filtration and enrichment of dominant microbial
communities

In the four rhizocompartments of the two Hedysarum species, bac-
terial phyla mainly consisted of Proteobacteria, Actinobacteria,
and Bacteroidetes (relative abundances > 1%), which accounted
for > 90% of the total bacterial composition (Figure 4 and Table S2).
The four investigated rhizocompartments had a significant influence
on the relative abundances of major bacterial phyla. Proteobacteria
showed a significant trend of hierarchical enrichment in the order
of intershrub bulk soil < undershrub soil < root (p < .05), while
Actinobacteria showed the opposite trend (Figure 4).

For H. mongolicum, the major dominant bacterial orders of root
endophyte microbes consisted of Rhizobiales, Burkholderiales,
and Propionibacteriales. The relative abundances of Rhizobiales,
Burkholderiales, Propionibacteriales, and Caulobacterales in mi-
crobes also showed a significant overall trend of hierarchical en-
richment and filtration following the order of intershrub bulk
soil < undershrub < root (p < .05) (Figure 4 and Table S2). At the
genus level, Rhizobiales had a relative abundance of 22% in roots,
mainly consisting of Rhizobium and Bosea (Table S2). For H. scopar-
ium, the major dominant bacterial orders of root endophyte microbes
consisted of Rhizobiales, Burkholderiales, and Propionibacteriales.
At the genus level, Rhizobiales genera had a relative abundance of
28% in roots, mainly consisting of Rhizobium and Bradyrhizobium
(Table S2).

The bacterial communities in the rhizocompartments all origi-
nated from soil; however, there are varying degrees of significant
differences between the bacterial communities in the four rhizo-

compartments. This identified OTUs with significant enrichment

or reduction in intershrub bulk soil relative to the other three
rhizocompartments. As shown in Figure 5, the circles represent
various rhizocompartment types, and the overlapping values rep-
resent the numbers of common enriched or reduced OTUs among
various rhizocompartment types. Under the two Hedysarum spe-
cies, compared with intershrub bulk soil, the other three rhizo-
compartments (i.e., root, rhizosphere soil, and root-zone soil) had
152, 478, and 255 OTUs showing relative enrichment, and 822,
443, and 243 OTUs showing relative reductions, respectively
(Figure 5). Based on Venn diagrams of the significantly enriched
and reduced OTUs, the relatively enriched and relatively reduced
OTUs showed maximum overlapping in rhizosphere soil and root
samples, respectively.

Using intershrub bulk soil as control, the enriched OTUs in other
rhizocompartments showed different degrees of overlapping. The
152 OTUs that were relatively enriched in the roots showed a con-
sistent enrichment effect with 65 OTUs from rhizosphere soil and
35 OTUs from the root-zone soil. The 478 relatively enriched OTUs
in rhizosphere soil showed a consistent enrichment effect with 142
OTUs from the root-zone soil. The other three rhizocompartments
jointly showed an enrichment effect over 30 OTUs relative to in-
tershrub bulk soil (Figure 5a). Statistical analysis on the 10 relatively
abundant dominant bacterial genera corresponding to OTUs, re-
cording a relative enrichment effect among the four rhizocompart-
ments, indicated that these dominant bacterial genera manifested a
trend of enrichment toward roots (p < .05) (Figure 5c¢).

In contrast, the 822 OTUs that showed relative reduction
in the roots manifested a consistent reduction effect with 422
OTUs from the rhizosphere soil and 228 OTUs from root-zone
soil. The 443 relatively reduced OTUs in the rhizosphere soil
showed a consistent reduction effect with 212 OTUs from the

root-zone soil. There were 208 OTUs over which the other three
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FIGURE 3 Compositions of bacterial communities driven by rhizocompartments at OTU and taxonomic levels. (a) Principal component
analysis (PCA) on the compositions of bacterial microbes in the rhizocompartments of desert leguminous plants; (b) hierarchical clustering
analysis on samples based on Bray-Curtis distance matrix. Abbreviations: HM: Hedysarum mongolicum; HS: Hedysarum scoparium; r: root; rs:
rhizosphere soil; rz: root-zone soil; b: intershrub bulk soil
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FIGURE 4 Microbial community compositions in the four rhizocompartments of two Hedysarum species at the phylum (a) and order (b)
levels. Both groups only showed the bacterial phyla and orders with relative abundances > 0.1% and > 3%, respectively; those with lower
relative abundances are included in “others.” For abbreviations, please refer to Figure 3

rhizocompartments jointly showed a reduction effect relative to
intershrub bulk soil (Figure 5b). Similarly, statistical analysis on
the 10 relatively abundant dominant bacterial genera correspond-
ing to the OTUs revealed a relative reduction effect among the
four rhizocompartments, further indicating that these dominant
bacterial genera all manifested a trend of reduction toward roots
(p < .05) (Figure 5d).

3.4 | Rhizocompartments bacterial community co-
occurrence network analysis

From our co-occurrence network analysis results, we could see
that the bacterial community in the root is mainly composed of
Proteobacteria, Actinobacteria, Bacteroidetes, Tenericutes, and
Chloroflexi, among which bacteria of the Proteobacteria genus are
dominant. In the co-occurrence network structure of the bacte-
rial community within the root at the genus level, Hyphomicrobium,
Shinella, and Phyllobacterium showed a broad and robust correla-
tion with other genera (Figure 6). Interestingly, network nodes
linked to Phyllobacterium as the core are negatively related to bac-
teria genera affected by NH**-N and pH and are positively asso-
ciated to bacterial genera affected by other nutrients (Figures 6,
7). Compared with bacterial communities in the root, core nodes

from Actinobacteria were significantly higher in undershrub soil

and intershrub bulk soil. Flavisolibacter and Flavobacterium, two
Bacteroidetes genera, exhibited a wide range of strong correla-
tions, especially in rhizosphere soil. Bacterial communities in the
root zone had the most complex composition at the phylum level,
and bacteria genus belonging to Acidobacteria and Planctomycetes
also showed strong correlations. Bacterial communities in the
intershrub bulk soil were mainly composed of genera from the
Actinobacteria phylum, which occupy the majority of core nodes
in the network (Figure 6).

3.5 | Relationships between rhizocompartment
bacterial communities and soil factors

In the investigated desert environment, the soil factors that af-
fect the root and rhizosphere soil bacterial communities of the two
Hedysarum plants are TN, NO;™-N, AP, TP, SOC, and SWC, while
factors that affect the bacterial community in the root zone and
the intershrub bulk soil are NH4+—N and pH (Figure 7 and Table S3).
Among these soil factors, TN, NO,™-N, AP, and SOC are positively
correlated with SWC, while TP, NH4+-N, and pH are negatively
correlated with SWC (Figure 7). Among the four rhizocompart-
ment bacterial communities, the root endophyte and rhizosphere
soil microbiomes were mainly influenced by soil nutrients, espe-

cially nitrogen, while the communities in the root-zone soil and
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FIGURE 5 Venn diagrams of the significantly enriched (a) and reduced (b) operational taxonomic units (OTUs) in the other three
rhizocompartments compared with intershrub bulk soil under Hedysarum desert leguminous shrubs. (c) Bacterial genera corresponding to
relatively enriched OTUs; (d) bacterial genera corresponding to relatively reduced OTUs

intershrub bulk soil were mainly influenced by soil pH and NH4+-N
(Figure 7a). The 10 relatively enriched bacterial genera (Figure 5c),
which underwent hierarchical filtration and enrichment through
intershrub bulk soil to roots of legume plants, were mainly influ-
enced by SWC and soil nutrients. The 10 relatively reduced bac-
terial genera (Figure 5d), which were relatively depleted in roots
compared with the other three rhizocompartments, were mainly
influenced by soil pH and NH4+-N (Figure 7b). Mantel test results
indicated that all nutrient indices (except TP and AP), pH, and
SWC were significantly correlated with the microbial communities
(p < .05) (Table 3).

4 | DISCUSSION

4.1 | Composition of root endophytes

This study demonstrated that nitrogen-fixing bacteria occupied a
dominant position in the roots of xeric leguminous plants, but also
that many non-nitrogen-fixing microbes were present. These results
confirmed that nitrogen-fixing rhizobia co-exist with other bacte-
ria in the roots of desert xeric leguminous plants, which is consist-
ent with previously reported results, where isolated cultures were

used to assess the Rhizobium strains of leguminous plants (Sablok
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et al., 2017; Toniutti et al., 2017; Yates et al., 2015). This study Hadar, & Minz, 2012), and Phyllobacterium (Liang et al., 2019) de-
showed that in addition to dominant nitrogen-fixing rhizobia, there tected in the roots of leguminous plants can potentially promote
were also other, nonsymbiotic endophytes in the roots of Hedysarum plant growth. In addition, Phyllobacterium has also been detected in
plants. It has been reported that Burkholderiales (Deng et al., 2011; the roots of Lupinus micranthus in Tunisia, indicating that this bac-

Moulin, Munive, Dreyfus, & Boivin-Masson, 2001), Massilia (Ofek, terial genus can boost the rapid nodulation of this Tunisian xeric
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significance test data of the CCA/RDA model, axes, and terms are listed in Table S3

TABLE 3 Correlation between bacterial community and soil properties as shown by the Mantel test

Soil properties pH TN N-NH,*
r 0.2849 0.353 0.2318
P 0.002 0.003 0.016

Note: Bold type indicates significant difference (p < .05).

leguminous plant (Msaddak et al., 2018). It has also been reported
that endophytic bacteria, which are known to exist in plant tissues,
can facilitate plant growth (Rajendran, Sing, Desai, & Archana, 2008;
Rivas et al., 2002) and that other root endophytes co-inoculated
with rhizobia can accelerate the growth and nodulation of legumi-
nous plants (Chen et al., 2015; Xu, Zhang, Wang, Chen, & Wei, 2014).
Together, these results demonstrate that nonsymbiotic endophytes
in roots may coordinate with nitrogen-fixing rhizobia and exert vari-

ous functions.

4.2 | Hierarchical filtration and enrichment
strategy of rhizocompartments

The numbers of significantly enriched OTUs followed a decreasing
hierarchical trend in the order of root < undershrub soil < intershrub
bulk soil (p < .05). The majority of OTUs that were relatively de-
creased in roots also showed relative reductions in rhizosphere soil
and root-zone soil (Figure 5). This phenomenon can be considered
as a hierarchical filtration strategy of desert leguminous plants on
soil microbes (Xiao, Chen, et al., 2017). In the four rhizocompart-

ments, bacteria were assessed at the phylum, order, and genus

0.4256
0.001

N-NO," SOC TP AP SWC
0.2988 0.0318 0.1261 0.3334
0.001 0.314 0.066 0.006

levels. The relative abundances of Proteobacteria, Rhizobiales, and
other specific dominant bacterial taxa indicated an overall hierarchi-
cal enrichment trend in the order of intershrub bulk soil < under-
shrub soil < root (p < .05) (Figure 4). With respect to the mutualistic
symbiotic relationship of rhizobia with leguminous plants, the en-
richment trends discussed above suggest that the roots of desert
leguminous plants exert a hierarchical enrichment and filtration ef-
fect for specific beneficial bacteria in the soil (Table 2, Figure 5). A
similar hierarchical trend was also observed in the rhizosphere soil,
root surface, and roots of rice (Edwards et al., 2015), as well as in
the rhizosphere soil and internal root tissues of Arabidopsis thaliana
(Lundberg et al., 2012). According to studies on the diversity of the
rhizospheric microbiota of field-grown corn, significant differences
exist between undershrub soil and intershrub soil in terms of both
the enrichment and diversity of bacteria and the relative abundances
of bacterial groups (Peiffer et al., 2013).

Interestingly, the structural composition of microbial commu-
nities from rhizocompartments mainly consisted of Proteobacteria
and Actinobacteria, both of which presented opposite enrichment
trends and filtration strategies among various rhizocompartments
(Figure 4). The relative abundances of Proteobacteria in the bacte-

rial communities of rhizosphere soil are significantly related to the
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carbon-nitrogen ratio of soil and the variability of the ammonium
nitrogen pool; moreover, the significance level is higher than that
of any other environmental variable in soil (Nemergut, Cleveland,
Wieder, Washenberger, & Townsend, 2010). Specifically, the un-
dershrub enrichment trend of Proteobacteria toward roots is posi-
tively correlated with the available carbon pool of soil; furthermore,
Proteobacteria are closely related to heterotrophic N-fixers, mean-
ing that their presence can promote the utilization of ammonium ni-
trogen (N H4+ pools) (Nemergut et al., 2010). In contrast, the relative
abundance of Actinobacteria is positively correlated with the pH of
soil (Lauber, Hamady, Knight, & Fierer, 2019; Nemergut et al., 2010).
This may explain why a slight deficiency in NH4+-N was observed in
rhizosphere soils under both shrub species (Table 1). Another study
argued that the undershrub enrichment of Bacteroidetes is a result
of their quick utilization of soil organic matter (Acosta-Martinez,
Dowd, Sun, Wester, & Allen, 2010). A number of studies have also
obtained similar results about the variations of the structural com-
position of Proteobacteria and Actinobacteria in different ecological
niches. This theory suggests that these reported variations may be
the result of the differentiation of specific bacterial taxa in different
ecological niches as well as the active filtration of bacterial groups
by host plants; an alternative explanation is the opportunistic colo-
nization of suitable ecological niches by specific bacteria (Beckers,
Op De Beeck, Weyens, Boerjan, & Vangronsveld, 2017; Bulgarelli
et al., 2013; Hacquard et al., 2015).

Overall, the nutrient content of the rhizosphere soil was higher
than that of intershrub soil (p < .05). Enrichment trend analysis of soil
nutrients under the influence of shrub roots obtained similar results
(Philippot et al., 2013). Both wild (Glycine soja) and cultivated (G. max)
soybeans had higher alpha diversity of bacterial communities in the
rhizosphere compared with intershrub bulk soil, suggesting that the
nutrients enriched in the undershrub soil are needed by plants during
growth (Chang et al., 2018). In the Mu Us Desert in Ningxia Province,
China, the nutrients in the undershrub and intershrub soils of three
different xeric shrub species (i.e., A. ordosica, S. psammophila, and
C. microphylla) have also revealed a similar trend of enrichment from
intershrub soil to undershrub soil (Sun et al., 2017).

4.3 | Interactions among desert leguminous plants,
soil, and microbes

In this study, while soil pH mainly influenced the bacteria in the root-
zone soil and intershrub bulk soil, its influence on the bacteria in
root endophytes was relatively insignificant (Table 3 and Figure 7).
According to previous research, the influence of soil pH on the mi-
crobes of rhizosphere soil of soybean and alfalfa exceeded that of
soil nutrients (Xiao, Fan, Wang, Chen, & Wei, 2017). Related studies
also revealed an imbalance in the absorption of cations and anions
by plant roots as the primary reason for variations in rhizosphere
soil pH. The reasons for the decrease of plant rhizosphere soil pH
include (Hinsinger, 2001): (a) imbalanced absorption of cations and

anions; (b) secretion of organic acids by plant roots; (c) generation
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of CO, by root cell respiration; (d) organic acids and CO, generated
by rhizospheric microbial activities; and (e) active secretion of H* by
roots. The pH and the NH4+-N content was lower in rhizosphere soil
of both plant species than in root-zone soil and intershrub bulk soil,
which is possibly because of the symbiotic nitrogen fixation between
Hedysarum species and rhizobia and the use of NH4*-N as their main
nitrogen source. As a result, the absorption of cations played a domi-
nant role, and the roots excreted more H* than HCO, and OH™ to
maintain a charge balance within the plants; this caused a decrease
of rhizosphere soil pH relative to the pH of root-zone soil. The local
soil is mainly alkaline, and the absorption of NH4+—N by leguminous
plants and rhizobia for nitrogen fixation is very limited and exerts a
small influence on undershrub soil. While the undershrub soil of le-
guminous Hedysarum species is largely alkaline, the rhizosphere soil
pH is lower than the root-zone soil pH (Table 1).

In contrast, only few soil microbes absorb and assimilate NO;™-N;
in the co-existence of NO,-N and NH4+—N, the latter inhibits the
absorption of NO, -N by microbes, since the assimilation of NO,™-N
consumes energy (Wickramasinghe, Rodgers, & Jenkinson, 1985).
From the deepening of rhizocompartments from intershrub bulk
soil to roots, the absorption and utilization of nutrients by roots, as
well as the activity of soil microbes, are gradually strengthened. This
results in a decrease of the NH4+—N content and has a significant
influence of NO; -N content in rhizosphere soil (Table 1). In addi-
tion, the relative increase of soil pH can increase the NH4*-N yield
in soil, mainly because a higher pH improves the solubility of organic
matter; this provides many matrices rich in carbon and nitrogen for
the growth of microbes and thus promotes the mineralization of ni-
trogen (especially in the form of NH4+—N) (Narteh & Sahrawat, 1997).
According to previous studies, such changes in pH and nitrogen are
related to the activities of soil microbes; during nitrogen assimilation,
soil microbes usually show a preference for NH4+-N (Jenkinson &
Parry, 1989) and can more efficiently absorb and utilize NH4+-N than
NO, -N (Recous, Mary, & Faurie, 1990). Because of this preferential
adsorption by nitrogen-fixing microbes, NH4+—N is immobilized in
large quantities, and the NH4+-N content of rhizosphere soil is sig-
nificantly lower than that of root-zone soil and intershrub bulk soil.

Some studies have pointed out that organic carbon is the main
driving factor for changing the soil microbial community struc-
ture (Shen, Zhang, Guo, Ray, & He, 2010), and this effect is mainly
caused by labile organic carbon in the soil (Eilers, Lauber, Knight,
& Fierer, 2010). The organic carbon in the soil of the desert area is
mainly composed of labile organic carbon decomposed from plant
leaves and root litters (Liu et al., 2015). Similarly, our data showed
that the content of SOC in the rhizosphere soil of the two spe-
cies of genus Hedysarum was significantly higher than that of the
intershrub bulk soil (Table 1). The Mantel test results also showed
that SOC significantly affected the structure of the bacterial com-
munity in the four root rhizocompartments under desert shrubs
(r=.2988, p = .001; Table 3). Fierer et al. (2008) reported that high
SOC content under xerophytic shrubs might result in significant
enrichment of Proteobacteria (mostly Alphaproteobacteria and

Gammaproteobacteria). The changes in their relative abundance



ZHOU ET AL.

11436 WI LEY_ECObgy and Evolution

Open Access,

might be related to the increase in the content of labile carbon sub-
strates in the soil. Some specific bacterial groups from the classes
Alphaproteobacteria and Gammaproteobacteria play significant
roles in promoting the recycling and utilization of SOC and TN in
ecosystems (Kersters et al., 2006). Besides, studies have shown
that soil microorganisms can transform soil-bound P in soil into wa-
ter-soluble P and thus promote the absorption of P by plants (He &
Zhu, 1998). In legume plants, P is also associated with complex signal
transduction, energy conversion, respiration, and nitrogen fixation
(Khan, Zaidi, Ahemad, Oves, & Wani, 2010). Studies have found that
the relative abundance of phosphate-solubilizing bacteria in the rhi-
zosphere is far greater than that in intershrub soil, which can be ex-
plained by the faster consumption of P in the rhizosphere (Laheurte
& Berthelin, 1988; Pande, Pandey, Mehra, Singh, & Kaushik, 2017).
On the other hand, the effectiveness of soil moisture is a key fac-
tor that limits the diversity and productivity of plant communities
in desert areas, because it can affect the quality and quantity of the
plant litters and exudates entering the soil decomposed by soil mi-
croorganism. Also affected is the conversion efficiency of water-sol-
uble soil nutrients, which in turn affects the overall changes in soil
texture (Bai et al., 2008; Sun et al., 2017). Therefore, under H. mon-
golicum shrubs (i.e., rhizosphere and root zone), a high diversity of
bacterial communities was observed (p < .05; Table 2), and the bac-
terial communities of the four rhizocompartments were significantly
affected by each nutrient element (except for P) (p < .05; Table 3
and Figure 7).

The pH of soil has an important influence on its chemical,
physical, biological, and other processes, especially on nitrogen
cycling (Fan et al., 2018). Baggs, Smales, and Betaman (2010)
have probed into the influence of long-term and short-term pH
differences on N,O emission from soil, as well as on N,O emis-
sion from microbial sources (ammoxidation and denitrification).
According to their findings, the ammoxidation and nitrate nitro-
gen dissimilation (mainly denitrification) processes in soil generate
N,O (Baggs, 2008), and variations of soil pH dominate N,O emis-
sion from microbial sources (ammoxidation and denitrification).
Furthermore, in a comparison of long-term soil pH differences, pH
plays the most significant role, which can reflect the adaptability of
microbial communities to their current habitat (Baggs et al., 2010).
According to Hartman, Richardson, Vilgalys, and Bruland (2008),
pH is the optimal factor to predict variations of bacterial commu-
nities in soil, and the authors have also observed variations of the
relative abundances of Acidobacteria and Actinobacteria across
the pH scale at the phylum level (Hartman et al., 2008). Other
studies have also pointed out that variations of the relative abun-
dances of Acidobacteria, Actinobacteria, and Bacteroidetes in soil
microbial communities are mainly driven by soil pH, which further
affect the overall structural variability of bacterial communities
(Lauber et al., 2019). According to the findings of a recent study
that investigated the bacterial communities in poplar roots, pH
has a significant influence on the genotypes of both bacterial and
fungal communities, as well as their colonization and distribution

in plant roots and stems (Wang et al., 2019). As a result, microbes

in root-zone soil and intershrub bulk soil are mainly influenced by
pH and NH,"-N.

In summary, these results demonstrate that interactions occur
among plants, soil, and specific microbes based on the enrichment
and absorption of nutrients by rhizocompartments. These interac-
tions affect the diversity of soil microbial communities and change
the physicochemical properties of undershrub soil and intershrub
soil. However, soil physicochemical factors also have a significant in-
fluence on the structure and composition of microbial communities

in various rhizocompartments.

5 | CONCLUSIONS

This study revealed that the soil physicochemical factors (especially
the pH) have a significant influence on the structure and compo-
sition of microbial communities in various rhizocompartments, and
this influence is derived from interactions among leguminous plants,
soil, and microbes. The variations of bacterial diversity in the under-
shrub rhizocompartments of the two leguminous plants Hedysarum
Linn. and H. mongolicum were consistent with that of H. scoparium
with regard to the variations of bacterial diversity in undershrub
rhizocompartments. This study explored the effect of leguminous
plants on the microbial communities in desert landscapes and of-
fered a microbe-associated reference for evaluations of the restora-
tion of desert vegetation.

ACKNOWLEDGMENTS

This study was supported by the National Key Research and
Development Program of China (nos. 2016YFC0500905 and
2018YFC0507102), and the National Natural Science Foundation of
China (no. 31270749). We would like to thank the staff of the Yanchi
Research Station, especially Genzhu Wang, Shijun Liu, Yangui Qiao,
and Yuxuan Bai for their help with experimentation and sampling in
the field.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Ziyuan Zhou: Conceptualization (lead); formal analysis (lead); meth-
odology (lead); visualization (lead); writing - original draft (lead).
Minghan Yu: Data curation (lead); methodology (equal); project ad-
ministration (equal); resources (supporting); supervision (lead); writ-
ing - original draft (supporting). Guodong Ding: Conceptualization
(equal); funding acquisition (lead); methodology (equal); project
administration (lead); resources (lead); supervision (lead); writing
- original draft (equal). Guanglei Gao: Conceptualization (support-
ing); data curation (lead); methodology (supporting); project admin-
istration (equal); resources (equal); supervision (equal). Yingying He:
Methodology (supporting); project administration (equal); resources
(equal); writing - original draft (equal). Genzhu Wang: Methodology
(supporting); writing - original draft (supporting).



ZHOU ET AL.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study have been deposited
in Dryad with https://doi.org/10.5061/dryad.m37pvmczk.

ORCID

Ziyuan Zhou https://orcid.org/0000-0002-7194-5613

Guanglei Gao https://orcid.org/0000-0002-0486-1532

REFERENCES

Acosta-Martinez, V., Dowd, S. E., Sun, Y., Wester, D., & Allen, V. (2010).
Pyrosequencing analysis for characterization of soil bacterial pop-
ulations as affected by an integrated livestock-cotton production
system. Applied Soil Ecology, 45, 13-25. https://doi.org/10.1016/j.
apsoil.2010.01.005

Baggs, E. M. (2008). A review of stable isotope techniques for N,O source
partitioning in soils: Recent progress, remaining challenges and fu-
ture considerations. Rapid Communications in Mass Spectrometry, 22,
1664-1672. https://doi.org/10.1002/rcm.3456

Baggs, E. M., Smales, C. L., & Betaman, E. J. (2010). Changing pH shifts the
microbial sourceas well as the magnitude of N,O emission from soil.
Biology and Fertility of Soils, 46, 793-805. https://doi.org/10.1007/
s00374-010-0484-6

Bai, Y. F.,, Wu, J. G, Xing, Q., Pan, Q. M., Huang, J. H., Yang, D. L., & Han,
X. G. (2008). Primary production and rain use efficiency across a pre-
cipitation gradient on the Mongolia plateau. Ecology, 89, 2140-2153.
https://doi.org/10.1890/07-0992.1

Batut, J., & Boistard, P. (1994). Oxygen control in Rhizobium. Antonie
Van Leeuwenhoek, 66, 129-150. https://doi.org/10.1007/BF008
71636

Beckers, B., Op De Beeck, M., Weyens, N., Boerjan, W., & Vangronsveld,
J. (2017). Structural variability and niche differentiation in the rhi-
zosphere and endosphere bacterial microbiome of field-grown
poplar trees. Microbiome, 5, 25. https://doi.org/10.1186/s4016
8-017-0241-2

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E.,
Ahmadinejad, N., Assenza, F., ... Schulze-Lefert, P. (2012). Revealing
structure and assembly cues for Arabidopsis root-inhabiting bacte-
rial microbiota. Nature, 488, 91-95. https://doi.org/10.1038/natur
e11336

Bulgarelli, D., Schlaeppi, K., Spaepen, S., Loren, V., van Themaat,
E., & Schulze-Lefert, P. (2013). Structure and functions of the
bacterial microbiota of plants. Annual Review of Plant Biology,
64, 807-838. https://doi.org/10.1146/annurev-arplant-05031
2-120106

Chang, C. L., Chen, W,, Luo, S. S., Ma, L., Li, X. J., & Tian, C. J. (2018).
Rhizosphere microbiota assemblage associated with wild and
cultivated soybeans grown in three types of soil suspensions.
Archives of Agronomy and Soil Science, 65(1), 74-87. https://doi.
org/10.1080/03650340.2018.1485147

Chen, W., Sun, L., Lu, J., Bi, L., Wang, E., & Wei, G. H. (2015). Diverse nod-
ule bacteria were associated with Astragalus species in arid region
of northwestern China. Journal of Basic Microbiology, 55, 121-128.
https://doi.org/10.1002/jobm.201300209

Deng, Z.S., Zhao, L. F.,, Kong, Z. Y., Yang, W. Q,, Liindstorm, K., Wang, E.
T., & Wei, G. H. (2011). Diversity of endophytic bacteria within nod-
ules of the Sphaerophysa salsula in different regions of Loess Plateau
in China. FEMS Microbiology Ecology, 76(3), 463-475. https://doi.
org/10.1111/j.1574-6941.2011.01063.x

Du,Y.X., Pan,G. X, Li,L.Q., Hu,Z. L., &Wang, X. Z.(2011). Leaf N/P ratio
and nutrient reuse between dominant species and stands: Predicting
phosphorus deficiencies in Karst ecosystems, southwestern China.
Environmental Earth Sciences, 64, 299-309. https://doi.org/10.1007/
s12665-010-0847-1

Ecology and Evolution . Jﬂ
9 e~ WILEY

Open Access,

Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from mi-
crobial amplicon reads. Nature Methods, 10, 996-998. https://doi.
org/10.1038/nmeth.2604

Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E., Podishetty, N.
K., Bhatnagar, S., ... Sundaresan, V. (2015). Structure, variation, and
assembly of the root-associated microbiomes of rice. Proceedings of
the National Academy of Sciences of the United States of America, 112,
E911-E920. https://doi.org/10.1073/pnas.1414592112

Eilers, K. G., Lauber, C. L., Knight, R., & Fierer, N. (2010). Shifts in bac-
terial community structure associated with inputs of low molecular
weight carbon compounds to soil. Soil Biology & Biochemistry, 42,
896-903. https://doi.org/10.1016/j.aps0il.2010.06.015

Fan, K., Weisenhorn, P., Gilbert, J. A., Shi, Y., Bai, Y., & Chu, H. (2018). Soil
pH correlates with the co-occurrence and assemblage process of di-
azotrophic communities in rhizosphere and bulk soils of wheat fields.
Soil Biology & Biochemistry, 121, 185-192. https://doi.org/10.1016/j.
s0ilbio.2018.03.017

Fierer, N., Hamady, M. C. L., & Knight, R. (2008). The influence of sex,
handedness, and washing on the diversity of hand surface bac-
teria. Proceedings of the National Academy of Sciences of the United
States of America, 105(46), 17994-17999. https://doi.org/10.1073/
pnas.0807920105

Gao, G. L., Ding, G. D., Zhao, Y. Y., Wu, B., Zhang, Y. Q,, Qin, S. G, ... Liu,
Y. D. (2014). Fractal approach to estimating changes in soil proper-
ties following the establishment of Caragana korshinskii shelterbelts
in Ningxia, NW China. Ecological Indicators, 43, 236-243. https://doi.
org/10.1016/j.ecolind.2014.03.001

Gottel, N. R., Castro, H. F., Kerley, M., Yang, Z., Pelletier, D. A., Podar,
M., ... Schadt, C. W. (2011). Distinct microbial communities within
the endosphere and rhizosphere of Populus deltoides roots across
contrasting soil types. Applied and Environmental Microbiology, 77,
5934-5944. https://doi.org/10.1128/AEM.05255-11

Hacquard, S., Garrido-Oter, R., Gonzaélez, A., Spaepen, S., Ackermann, G.,
Lebeis, S., ... Schulze-Lefert, P. (2015). Microbiota and host nutrition
across plant and animal kingdoms. Cell Host & Microbe, 17, 603-616.
https://doi.org/10.1016/j.chom.2015.04.009

Hartman, W. H., Richardson, C. J., Vilgalys, R., & Bruland, G. L. (2008).
Environmental and anthropogenic controls over bacterial communi-
ties in wetland soils. Proceedings of the National Academy of Sciences
of the United States of America, 105, 17842-17847. https://doi.
org/10.1073/pnas.0808254105

Hartmann, A., Rothballer, M., & Schmid, M. (2008). Lorenz Hiltner,
a pioneer in rhizosphere microbial ecology and bacteriology re-
search. Plant and Soil, 312(1), 7-14. https://doi.org/10.1007/s1110
4-007-9514-z

He, Z., & Zhu, J. (1998). Microbial utilization and transformation of
phosphate adsorbed by variable charge minerals. Soil Biology &
Biochemistry, 30(7), 917-923. https://doi.org/10.1016/S0038
-0717(97)00188-0

Hinsinger, P. (2001). Bioavailability of soil inorganic P in the rhizo-
sphere as affected by root-induced chemical changes: A review.
Plant and Soil, 237, 173-195. https://doi.org/10.1023/A:10133
51617532

Hoeksema, J. D., Chaudhary, V. B., Gehring, C. A., Johnson, N. C,
Karst, J., Koide, R. T., ... Umbanhowar, J. (2010). A meta-anal-
ysis of context-dependency in plant response to inoculation
with mycorrhizal fungi. Ecology Letters, 13, 394-407. https://doi.
org/10.1111/j.1461-0248.2009.01430.x

Hou, L. F,, He, X. L., Li, X., Wang, S. J., & Zhao, L. L. (2019). Species com-
position and colonization of dark septate endophytes are affected
by host plant species and soil depth in the Mu Us sandland, north-
west China. Fungal Ecology, 39, 276-284. https://doi.org/10.1016/].
funeco.2019.01.001

Jenkinson, D. S., & Parry, L. C. (1989). The nitrogen cycle in the broadbalk
wheat experiment a model for the turnover of nitrogen through the


https://hub.pubmedplus.com/10.5061/dryad.m37pvmczk
https://orcid.org/0000-0002-7194-5613
https://orcid.org/0000-0002-7194-5613
https://orcid.org/0000-0002-0486-1532
https://orcid.org/0000-0002-0486-1532
https://doi.org/10.1016/j.apsoil.2010.01.005
https://doi.org/10.1016/j.apsoil.2010.01.005
https://doi.org/10.1002/rcm.3456
https://doi.org/10.1007/s00374-010-0484-6
https://doi.org/10.1007/s00374-010-0484-6
https://doi.org/10.1890/07-0992.1
https://doi.org/10.1007/BF00871636
https://doi.org/10.1007/BF00871636
https://doi.org/10.1186/s40168-017-0241-2
https://doi.org/10.1186/s40168-017-0241-2
https://doi.org/10.1038/nature11336
https://doi.org/10.1038/nature11336
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1146/annurev-arplant-050312-120106
https://doi.org/10.1080/03650340.2018.1485147
https://doi.org/10.1080/03650340.2018.1485147
https://doi.org/10.1002/jobm.201300209
https://doi.org/10.1111/j.1574-6941.2011.01063.x
https://doi.org/10.1111/j.1574-6941.2011.01063.x
https://doi.org/10.1007/s12665-010-0847-1
https://doi.org/10.1007/s12665-010-0847-1
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/j.apsoil.2010.06.015
https://doi.org/10.1016/j.soilbio.2018.03.017
https://doi.org/10.1016/j.soilbio.2018.03.017
https://doi.org/10.1073/pnas.0807920105
https://doi.org/10.1073/pnas.0807920105
https://doi.org/10.1016/j.ecolind.2014.03.001
https://doi.org/10.1016/j.ecolind.2014.03.001
https://doi.org/10.1128/AEM.05255-11
https://doi.org/10.1016/j.chom.2015.04.009
https://doi.org/10.1073/pnas.0808254105
https://doi.org/10.1073/pnas.0808254105
https://doi.org/10.1007/s11104-007-9514-z
https://doi.org/10.1007/s11104-007-9514-z
https://doi.org/10.1016/S0038-0717(97)00188-0
https://doi.org/10.1016/S0038-0717(97)00188-0
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1111/j.1461-0248.2009.01430.x
https://doi.org/10.1016/j.funeco.2019.01.001
https://doi.org/10.1016/j.funeco.2019.01.001

ZHOU ET AL.

11438 WI LEY_ECObe and Evolution

Open Access,

soil microbial biomass. Soil Biology & Biochemistry, 21(4), 535-542.
https://doi.org/10.1016/0038-0717(89)90127-2

Kardol, P., & Wardle, D. A. (2010). How understanding aboveground-
belowground linkages can assist restoration ecology. Trends
in Ecology & Evolution, 25, 670-679. https://doi.org/10.1016/j.
tree.2010.09.001

Ke, P., & Miki, T. (2015). Incorporating the soil environment and microbial
community into plant competition theory. Frontiers in Microbiology, 6,
1-16. https://doi.org/10.3389/fmicb.2015.01363

Kennedy, A. C., & Smith, K. L. (1995). Soil microbial diversity and the sus-
tainability of agricultural soils. Plant and Soil, 170, 75-86. https://doi.
org/10.1007/BF02183056

Kersters, K., De Vos, P., Gillis, M., Swings, J., Vandamme, P, &
Stackebrandt, E. (2006). Introduction to the Proteobacteria. In M.
Dworkin, S. Falkow, E. Rosenberg, K. H. Schleifer, & E. Stackebrandt
(Eds.), The Prokaryotes (Vol. 5, pp. 3-37). New York, NY: Springer.
https://doi.org/10.1007/0-387-30745-1_1

Khan, M. S, Zaidi, A., Ahemad, M., Oves, M., & Wani, P. A. (2010). Plant
growth promotion by phosphate solubilizing fungi current perspec-
tive. Archives of Agronomy and Soil Science, 56, 73-98. https://doi.
org/10.1080/03650340902806469

Laheurte, F., & Berthelin, J. (1988). Effect of a phosphate solubilizing bac-
teria on maize growth and root exudation over four levels of labile
phosphorus. Plant and Soil, 105(1), 11-17. https://doi.org/10.1007/
BF02371137

Lai, Z. R, Zhang, Y. Q., Liu, J. B., Wu, B., Qin, S. G., & Fa, K. Y. (2016).
Fine-root distribution, production, decomposition, and effect on
soil organic carbon of three revegetation shrub species in northwest
China. Forest Ecology and Management, 2016(359), 381-388. https://
doi.org/10.1016/j.foreco.2015.04.025

Lauber, C. L., Hamady, M., Knight, R., & Fierer, N.(2019). Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial commu-
nity structure at the continental scale. Applied and Environmental
Microbiology, 75, 5111-5120. https://doi.org/10.1128/AEM.00335
-09

Liang, L. X., Sun, Q. W., Hui, N., Zhang, X. X., Li, L. B., & Liu, L. (2019).
Phyllobacterium phragmitis sp. nov., an endophytic bacterium iso-
lated from Phragmites australis rhizome in Kumtag Desert. Antonie
Van Leeuwenhoek, 112, 661. https://doi.org/10.1007/s1048
2-018-1195-5

Liu, H., Carvalhais, L. C., Schenk, P. M., & Dennis, P. G. (2017). Effects
of jasmonic acid signalling on the wheat microbiome differ between
body sites. Scientific Reports, 7, 41766. https://doi.org/10.1038/
srep41766

Liu, J. B, Zhang, Y. Q., Wu, B., Qin, S. G., Jia, X, Fa, K. Y,, ... Lai, Z. R.
(2015). Effect of vegetation rehabilitation on soil carbon and its
fractions in Mu Us Desert, northwest China. International Journal
of Phytoremediation, 17, 529-537. https://doi.org/10.1080/15226
514.2014.922923

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J.,
Malfatti, S., ... Dangl, J. L. (2012). Defining the core Arabidopsis thali-
ana root microbiome. Nature, 488, 86-90. https://doi.org/10.1038/
nature11237

Maron, J. L., Marler, M, Klironomos, J. N., & Cleveland, C. C. (2011).
Soil fungal pathogens and the relationship between plant di-
versity and productivity. Ecology Letters, 14, 36-41. https://doi.
org/10.1111/j.1461-0248.2010.01547.x

Mengual, C., Schoebitz, M., Azcén, R., & Roldan, A. (2014). Microbial
inoculants and organic amendment improves plant establish-
ment and soil rehabilitation under semiarid conditions. Journal of
Environmental Management, 134(2), 1-7. https://doi.org/10.1016/j.
jenvman.2014.01.008

Miao, L., Wang, S., Li, B., Cao, T., Zhang, F., Wang, Z., & Peng, Y.
(2016). Effect of carbon source type on intracellular stored poly-
mers during endogenous denitritation (ED) treating landfill

leachate. Water Research, 100, 405-412. https://doi.org/10.1016/j.
watres.2016.05.010

Moulin,L.,Munive,A., Dreyfus, B.,&Boivin-Masson, C.(2001). Nodulation
of legumes by members of the beta-subclass of Proteobacteria.
Nature, 411, 948-950. https://doi.org/10.1038/35082070

Msaddak, A., Rejili, M., Duran, D., Rey, L., Palacios, J. M., Imperial, J., ...
Mars, M. (2018). Definition of two new symbiovars, sv. lupini and sv.
mediterranense, within the genera Bradyrhizobium and Phyllobacterium
efficiently nodulating Lupinus micranthus in Tunisia. Systematic
and Applied Microbiology, 41, 487-493. https://doi.org/10.1016/j.
syapm.2018.04.004

Narteh, L. T., & Sahrawat, K. L. (1997). Potentially mineralizable nitrogen
in West African lowland rice soils. Geoderma, 76(2), 145-154. https://
doi.org/10.1016/S0016-7061(96)00097-3

Nemergut, D. R, Cleveland, C. C., Wieder, W. R., Washenberger, C. L., &
Townsend, A. R. (2010). Plot-scale manipulations of organic matter
inputs to soils correlate with shifts in microbial community compo-
sition in a lowland tropical rain forest. Soil Biology & Biochemistry, 42,
2153-2160. https://doi.org/10.1002/2014GB004886

Ofek, M., Hadar, Y., & Minz, D. (2012). Ecology of root colonizing Massilia
(Oxalobacteraceae). PLoS One, 7, e40117. https://doi.org/10.1371/
journal.pone.0040117

Pande, A., Pandey, P.,, Mehra, S., Singh, M., & Kaushik, S. (2017).
Phenotypic and genotypic characterization of phosphate solubiliz-
ing bacteria and their efficiency on the growth of maize. Journal of
Genetic Engineering and Biotechnology, 15(2), 379-391. https://doi.
org/10.1016/j.jgeb.2017.06.005

Peiffer, J. A, Spor, A, Koren, O., Jin, Z., Tringe, S. G., Dangl, J. L., ... Ley, R.
E. (2013). Diversity and heritability of the maize rhizosphere micro-
biome under field conditions. Proceedings of the National Academy of
Sciences of the United States of America, 110(16), 6548-6553. https://
doi.org/10.1073/pnas.1302837110

Pérez-Bejarano, A., Mataix-Solera, J., Zornoza, R., Guerrero, C,
Arcenegui, V., Mataix-Beneyto, J., & Cano-Amat, S. (2010). Influence
of plant species on physical, chemical and biological soil properties
in a Mediterranean forest soil. European Journal of Forest Research,
129(1), 15-24. https://doi.org/10.1007/s10342-008-0246-2

Philippot, L., Raaijmakers, J., Lemanceau, P., & van der Putten, W. H.
(2013). Going back to the roots: The microbial ecology of the rhi-
zosphere. Nature Reviews Microbiology, 11, 789-799. https://doi.
org/10.1038/nrmicro3109

Rajendran, G., Sing, F., Desai, A. J., & Archana, G. (2008). Enhanced
growth and nodulation of pigeon pea by co-inoculation of Bacillus
strains with Rhizobium spp. Bioresource Technology, 99, 4544-4550.
https://doi.org/10.1016/j.biortech.2007.06.057

Recous, S., Mary, B., & Faurie, G. (1990). Microbial immobilization of
ammonium and nitrate in cultivated soils. Soil Biology & Biochemistry,
22(7),913-922. https://doi.org/10.1016/0038-0717(90)90129-N

Rivas, R., Velazquez, E., Willems, A., Vizcaino, N., Subba-Rao, N. S,
Mateos, P. F., ... Martinez-Molina, E. (2002). A new species of
Devosia that forms a unique nitrogen-fixing root-nodule symbiosis
with the aquatic legume Neptunia natans (L.f.) Druce. Applied and
Environment Microbiology, 68, 5217-5222. https://doi.org/10.1128/
AEM.68.11.5217-5222.2002

Sablok, G., Rosselli, R., Seeman, T., van Velzen, R., Polone, E., Giacomini,
A., ... Squartini, A. (2017). Draft genome sequence of the nitro-
gen-fixing Rhizobium sullae type strain 151237 focusing on the key
genes for symbiosis with its host Hedysarum coronarium L. Frontiers
in Microbiology, 8, 1348. https://doi.org/10.3389/fmicb.2017.01348

Sanchez-Lépez, A. S., Thijs, S., Beckers, B., Gonzalez-Chavez, M. C.,
Weyens, N., Carrillo-Gonzalez, R., & Vangronsveld, J. (2018).
Community structure and diversity of endophytic bacteria in seeds
of three consecutive generations of Crotalaria pumila growing on
metal mine residues. Plant and Soil, 422(1-2), 51-66. https://doi.
org/10.1007/s11104-017-3176-2


https://doi.org/10.1016/0038-0717(89)90127-2
https://doi.org/10.1016/j.tree.2010.09.001
https://doi.org/10.1016/j.tree.2010.09.001
https://doi.org/10.3389/fmicb.2015.01363
https://doi.org/10.1007/BF02183056
https://doi.org/10.1007/BF02183056
https://doi.org/10.1007/0-387-30745-1_1
https://doi.org/10.1080/03650340902806469
https://doi.org/10.1080/03650340902806469
https://doi.org/10.1007/BF02371137
https://doi.org/10.1007/BF02371137
https://doi.org/10.1016/j.foreco.2015.04.025
https://doi.org/10.1016/j.foreco.2015.04.025
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1007/s10482-018-1195-5
https://doi.org/10.1007/s10482-018-1195-5
https://doi.org/10.1038/srep41766
https://doi.org/10.1038/srep41766
https://doi.org/10.1080/15226514.2014.922923
https://doi.org/10.1080/15226514.2014.922923
https://doi.org/10.1038/nature11237
https://doi.org/10.1038/nature11237
https://doi.org/10.1111/j.1461-0248.2010.01547.x
https://doi.org/10.1111/j.1461-0248.2010.01547.x
https://doi.org/10.1016/j.jenvman.2014.01.008
https://doi.org/10.1016/j.jenvman.2014.01.008
https://doi.org/10.1016/j.watres.2016.05.010
https://doi.org/10.1016/j.watres.2016.05.010
https://doi.org/10.1038/35082070
https://doi.org/10.1016/j.syapm.2018.04.004
https://doi.org/10.1016/j.syapm.2018.04.004
https://doi.org/10.1016/S0016-7061(96)00097-3
https://doi.org/10.1016/S0016-7061(96)00097-3
https://doi.org/10.1002/2014GB004886
https://doi.org/10.1371/journal.pone.0040117
https://doi.org/10.1371/journal.pone.0040117
https://doi.org/10.1016/j.jgeb.2017.06.005
https://doi.org/10.1016/j.jgeb.2017.06.005
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1073/pnas.1302837110
https://doi.org/10.1007/s10342-008-0246-2
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1038/nrmicro3109
https://doi.org/10.1016/j.biortech.2007.06.057
https://doi.org/10.1016/0038-0717(90)90129-N
https://doi.org/10.1128/AEM.68.11.5217-5222.2002
https://doi.org/10.1128/AEM.68.11.5217-5222.2002
https://doi.org/10.3389/fmicb.2017.01348
https://doi.org/10.1007/s11104-017-3176-2
https://doi.org/10.1007/s11104-017-3176-2

ZHOU ET AL.

Saul-Tcherkas, V., & Steinberger, Y. (2011). Soil microbial diversity in the
vicinity of a Negev Desert Shrub—Reaumuria negevensis. Microbial
Ecology, 61(1), 64-81. https://doi.org/10.1007/s00248-010-9763-x

Shen, J. P,, Zhang, L. M., Guo, J. F,, Ray, J. L., & He, J. Z. (2010). Impact of
long-term fertilization practices on the abundance and composition
of soil bacterial communities in Northeast China. Applied Soil Ecology,
46, 119-124. https://doi.org/10.1016/j.aps0il.2010.06.015

Squartini, A., Struffi, P., Déring, H., Selenska-Pobell, S., Tola, E., Giacomini,
A., ... Nuti, M. P. (2002). Rhizobium sullae sp. nov. (formerly ‘Rhizobium
hedysari’), the root-nodule microsymbiont of Hedysarum coronarium
L. International Journal of Systematic and Evolutionary Microbiology, 52,
1267-1276. https://doi.org/10.1099/00207713-52-4-1267

Sun, Y., Zhang, Y., Feng, W., Qin, S., Liu, Z., Bai, Y., ... Fa, K. (2017). Effects
of xeric shrubs on soil microbial communities in a desert in northern
china. Plant and Soil, 414, 281-294. https://doi.org/10.1007/s1110
4-016-3111-y

Toniutti, M. A., Fornasero, L. V., Albicoro, F. J., Martini, M. C., Draghi, W.,
Alvarez, F., ... Papa, M. F. D. (2017). Nitrogen-fixing rhizobial strains
isolated from Desmodium incanum DC in Argentina: Physlogeny, bio-
diversity and symbiotic ability. Systematic and Applied Microbiology,
40, 297-307. https://doi.org/10.1016/j.syapm.2017.04.004

Walkley, A., & Black, I. A. (1934). An examination of the Degtjareff
method for determining soil organic matter, and a proposed modifi-
cation of the chromic acid titration method. Soil Science, 37, 29-38.
https://doi.org/10.1097/00010694-193401000-00003

Wang, B., Xue, S., Liu, G. B, Zhang, G. H., Li, G., & Ren, Z. P. (2012).
Changes in soil nutrient and enzyme activities under different vege-
tations in the Loess Plateau area, northwest China. Catena, 92, 186-
195. https://doi.org/10.1016/j.catena.2011.12.004

Wang, Y. B., Zhang, W. X,, Ding, C. J., Zhang, B. Y., Huang, Q. J., Huang,
R. F., & Su, X. H. (2019). Endophytic communities of transgenic pop-
lar were determined by the environment and niche rather than by
transgenic events. Frontiers in Microbiology, 10, 588. https://doi.
org/10.3389/fmich.2019.00588

Wickramasinghe, K. N., Rodgers, G. A., & Jenkinson, D. S. (1985).
Nitrification in acid tea soils and a neutral grassland soil: Effects
of nitrification inhibitors and inorganic salts. Soil Biology &
Biochemistry, 17(2), 249-252. https://doi.org/10.1016/0038-
0717(85)90123-3

Xiao, X., Chen, W,, Zong, L., Yang, J., Jiao, S., Lin, Y., ... Wei, G. (2017).
Two cultivated legume plants reveal the enrichment process of the
microbiome in the rhizocompartments. Molecular Ecology, 26(6),
1641-1651. https://doi.org/10.1111/mec.14027

Xiao, X., Fan, M. C., Wang, E. T., Chen, W. M., & Wei, G. H. (2017).
Interactions of plant growth-promoting rhizobacteria and soil factors
in two leguminous plants. Applied Microbiology and Biotechnology,
101, 8485-8497. https://doi.org/10.1007/s00253-017-8550-8

Xie, L. L., He, X. L., Wang, K., Hou, L. F., & Sun, Q. (2017). Spatial dy-
namics of dark septate endophytes in the roots and rhizospheres of
Hedysarum scoparium in northwest China and the influence of edaphic
variables. Fungal Ecology, 26, 135-143. https://doi.org/10.1016/j.
funeco.2019.01.001

Ecology and Evolution . m
9 e~ WILEY

Open Access,

Xu, L., Zhang, Y., Wang, L., Chen, W., & Wei, G. H. (2014). Diversity of en-
dophytic bacteria associated with nodules of two indigenous legumes
at different altitudes of the Qilian Mountains in China. Systematic
and Applied Microbiology, 37, 457-465. https://doi.org/10.1016/j.
syapm.2014.05.009

Yang, H. L., Huang, Z. Y., Ye, Y. Z., Zhu, X. W., Dong, M., & Weng, H. B.
(2010). Effects of soil moisture profile on seedling establishment in
the psammophyte Hedysarum laeve in the semiarid Otindag Sandland,
China. Journal of Arid Environments, 74(3), 350-354. https://doi.
org/10.1016/j.jaridenv.2009.09.014

Yates, R., Howieson, J., De Meyer, S. E., Tian, R., Seshadri, R., Pati, A,, ...
Reeve, W. (2015). High-quality permanent draft genome sequence
of Rhizobium sullae strain WSM1592; a Hedysarum coronarium mi-
crosymbiont from Sassari, Italy. Standards in Genomic Sciences, 10,
44. https://doi.org/10.1186/s40793-015-0020-2

Yu, M. H., Ding, G. D., Gao, G. L., Sun, B. P,, Zhao, Y. Y., Wan, L, ... Gui,
Z.Y.(2015). How the plant temperature links to the air temperature
in the Desert Plant Artemisia ordosica. PLoS One, 10(8), e0135452.
https://doi.org/10.1371/journal.pone.0135452

Zeller, B., Liu, J. X., Buchmann, N., & Richter, A. (2008). Tree girdling
increases soil N mineralization in two spruce stands. Soil Biology
& Biochemistry, 40, 1155-1166. https://doi.org/10.1016/j.soilb
i0.2007.12.009

Zelles, L. (1999). Fatty acid patterns of phospholipids and lipopoly-
saccharides in the characterization of microbial communities in
soil: A review. Biology and Fertility of Soils, 29, 111-129. https://doi.
org/10.1007/s003740050533

Zgadzaj, R., Garrido-Oter, R., Jensen, D. B., Koprivova, A., Schulze-Lefert,
P., & Radutoiu, S. (2016). Root nodule symbiosis in Lotus japonicus
drives the establishment of distinctive rhizosphere, root, and nod-
ule bacterial communities. Proceedings of the National Academy of
Sciences of the United States of America, 113(49), E7996-E8005.
https://doi.org/10.1073/pnas.1616564113

Zhu, B. B,, Li, Z. B,, Li, P, Liu, G. B., & Xue, S. (2010). Soil erodibility,
microbial biomass, and physical-chemical property changes during
long-term natural vegetation restoration: A case study in the
Loess Plateau, China. Ecological Research, 25, 531-541. https://doi.
org/10.1007/s11284-009-0683-5

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Zhou Z, Yu M, Ding G, Gao G, He Y,
Wang G. Effects of Hedysarum leguminous plants on soil
bacterial communities in the Mu Us Desert, northwest China.
Ecol Evol. 2020;10:11423-11439. https://doi.org/10.1002/
ece3.6779



https://doi.org/10.1007/s00248-010-9763-x
https://doi.org/10.1016/j.apsoil.2010.06.015
https://doi.org/10.1099/00207713-52-4-1267
https://doi.org/10.1007/s11104-016-3111-y
https://doi.org/10.1007/s11104-016-3111-y
https://doi.org/10.1016/j.syapm.2017.04.004
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1016/j.catena.2011.12.004
https://doi.org/10.3389/fmicb.2019.00588
https://doi.org/10.3389/fmicb.2019.00588
https://doi.org/10.1016/0038-0717(85)90123-3
https://doi.org/10.1016/0038-0717(85)90123-3
https://doi.org/10.1111/mec.14027
https://doi.org/10.1007/s00253-017-8550-8
https://doi.org/10.1016/j.funeco.2019.01.001
https://doi.org/10.1016/j.funeco.2019.01.001
https://doi.org/10.1016/j.syapm.2014.05.009
https://doi.org/10.1016/j.syapm.2014.05.009
https://doi.org/10.1016/j.jaridenv.2009.09.014
https://doi.org/10.1016/j.jaridenv.2009.09.014
https://doi.org/10.1186/s40793-015-0020-2
https://doi.org/10.1371/journal.pone.0135452
https://doi.org/10.1016/j.soilbio.2007.12.009
https://doi.org/10.1016/j.soilbio.2007.12.009
https://doi.org/10.1007/s003740050533
https://doi.org/10.1007/s003740050533
https://doi.org/10.1073/pnas.1616564113
https://doi.org/10.1007/s11284-009-0683-5
https://doi.org/10.1007/s11284-009-0683-5
https://doi.org/10.1002/ece3.6779
https://doi.org/10.1002/ece3.6779

