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Abstract
Plant species affect soil bacterial diversity and compositions. However, little is
known about the role of dominant plant species in shaping the soil bacterial community during the restoration of sandy grasslands in Horqin Sandy Land, northern
China. We established a mesocosm pots experiment to investigate short-term responses of soil bacterial diversity and composition, and the related soil properties in
degraded soils without vegetation (bare sand as the control, CK) to restoration with
five plant species that dominate across restoration stages: Agriophyllum squarrosum
(AS), Artemisia halodendron (AH), Setaria viridis (SV), Chenopodium acuminatum (CA),
and Corispermum macrocarpum (CM). We used redundancy analysis (RDA) to analyze
the association between soil bacterial composition and soil properties in different
plant species. Our results indicated that soil bacterial diversity was significantly
lower in vegetated soils independent of plant species than in the CK. Specifically, soil
bacterial species richness and diversity were lower under the shrub AH and the herbaceous plants AS, SV, and CA, and soil bacterial abundance was lower under AH
compared with the CK. A field investigation confirmed the same trends where soil
bacteria diversity was lower under AS and AH than in bare sand. The high-sequence
annotation analysis showed that Proteobacteria, Actinobacteria, and Bacteroidetes
were the most common phyla in sandy land irrespective of soil plant cover. The
OTUs (operational taxonomic units) indicated that some bacterial species were specific to the host plants. Relative to bare sand (CK), soils with vegetative cover exhibited lower soil water content and temperature, and higher soil carbon and nitrogen
contents. The RDA result indicated that, in addition to plant species, soil water and
nitrogen contents were the most important factors shaping soil bacterial composition in semiarid sandy land. Our study from the pot and field investigations clearly
demonstrated that planting dominant species in bare sand impacts bacterial diversity. In semiarid ecosystems, changes in the dominant plant species during vegetation restoration efforts can affect the soil bacterial diversity and composition through
the direct effects of plants and the indirect effects of soil properties that are driven
by plant species.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2018 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Ecology and Evolution. 2018;8:1693–1704.
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1 | INTRODUCTION

ecosystems and whether certain bacteria are only associated with spe-

Ecological restoration refers to the recovery process of degraded

stand the mechanistic processes associated with the plant–microbe

cific host-plant species. Such information is important to better underecosystems to either the near pre-  or preexiting state, in terms of

interactions related to the establishment and performance of plants,

ecosystem composition, structure, dynamics, and function (Aronson,

which can then be used to improve and enhance the restoration ef-

Floret, Floc’H, Ovalle, & Pontanier, 1993; Davis & Slobodkin, 2004;

forts and ecosystem services of degraded lands.

Keenelyside, Dudley, Cairns, Hall, & Stolton, 2012). Restoration in

Horqin Sandy Land is a typical semiarid area and is located in the

protected areas focuses mainly on specific plant species composition

southeastern part of Inner Mongolia, northern China. This area was

and the reestablishment of local native vegetation (Keenelyside et al.,

once the most severely desertified region in northern China due to

2012). Degraded sandy land restoration, through natural or human-

excessive reclamation and overgrazing (Wang, 2003; Zhao et al.,

assisted efforts in northern China, emphasizes stabilizing shifting

2015). Unsustainable land-use practices in previous decades have

dunes with native vegetation (Zhao, Zhao, & Zhang, 2003), increasing

shifted the ecosystem from its original savanna-like landscape into de-

plant species richness and diversity (Zuo et al., 2012), and improv-

graded semiarid grasslands and bare shifting sand dunes (Zhao et al.,

ing soil nutrient content and organic matter (Li et al., 2008, 2015).

2003). The enforcement of the Fencing and Nongrazing Policy by the

Previous research on the restoration of degraded sandy land showed

Chinese government accelerated the restoration of degraded sandy

that both the dominant plant species and the vegetation composition

land since the 1970s. As a result, mobile dunes have gradually shifted

shifted over time as expected (Zuo et al., 2012), and that soil fungal

into semistabilized and stabilized dunes and grasslands with different

and macrofaunal diversity were driven by vegetation composition

plant species began dominating across the different restoration stages

which increased across a successional restoration gradient from shift-

of the sandy grasslands (Zuo et al., 2012; Zhao et al., 2015). In the past

ing dunes to semistabilized and stabilized dunes (Liu, Zhao, Zhao, Zuo,

few years, an increasing number of studies on dune stabilization and

& Drake, 2009; Wang et al., 2016). In the case of microbial communi-

vegetation restoration have been carried out in the Horqin Sandy Land

ties associated with vegetation, diverse plant communities have been

(Zhao et al., 2014; Li et al., 2015; Zuo et al., 2015), including studies on

shown to recruit microbial composition, either passively or actively

fungal and macrofaunal community composition along the vegetation

(Mariadassou, Pichon, & Ebert, 2015), and plant diversity enhances

restoration gradients (Liu et al., 2009; Wang et al., 2016). However,

the soil microbial diversity in the semiarid sandy land (Zuo et al., 2016).

the impacts of dominant plant species on the soil bacterial community

The role of soil bacteria in terrestrial ecosystems is complex and

remain unexplored in this region.

critical to maintaining ecological function. Bacteria constitute over

This study builds upon previously published studies (Wang et al.,

90% of the soil microbial community, affecting species richness, and

2016; Zuo et al., 2016) and addresses two main hypotheses related

abundance (Rousk et al., 2010; Paul, 2014). They also play an active

to soil bacterial and plant interactions in restored grasslands: (i) Soil

role in humus formation, litter decomposition, and material cycling, as

bacterial diversity and composition are impacted by dominant plant

well as soil structure development, plant nutrition, and performance

species; and (ii) soil factors are important in determining soil bacterial

(Van Der Heijden, Bardgett, & Van Straalen, 2008; Harris, 2009; Van

community structure in restored grasslands. To address these hypoth-

Der Wal, Geydan, Kuyper, & de Boer, 2013; Cardinale, Grube, Erlacher,

eses, we investigated soil bacterial diversity and community structure,

Quehenberger, & Berg, 2015; Jacoby, Peukert, Succurro, Koprivova, &

as well as soil properties, under different dominant plant species from

Kopriva, 2017). Bacterial composition in soils can be associated with

different restoration stages of sandy grasslands. We used Illumina

vegetation type and soil pH at both the local and continental scales

high-throughput sequencing to assess soil bacterial community com-

(Kourtev, Ehrenfeld, & Häggblom, 2002; Fierer & Jackson, 2006;

position, determine whether specific bacterial taxa are associated with

Lauber, Hamady, Knight, & Fierer, 2009; Zhalnina et al., 2015), and it is

selected host plants in the short term, and identify soil factors that

found to be closely impacted by environmental variability, such as soil

determine bacterial community.

nitrogen, carbon, moisture, texture, and structure, as well as human
disturbance. (Vos, Wolf, Jennings, & Kowalchuk, 2013; Cederlund
et al., 2014).
Although the role of microbes in soil processes is relatively well
understood, the plant–microbe interactions and their associated role

2 | MATERIALS AND METHODS
2.1 | Study area

in enhancing plant performance have only recently started to be ad-

The experiment was conducted at the Naiman Desertification

dressed (Jacoby et al., 2017). For example, it is unclear how the bac-

Research Station (herein Naiman Station), Chinese Academy of

terial community responds to restoration efforts in semiarid grassland

Sciences (42°55′50″N, 120°41′51″E; al 360 m; Figure 1). The climate

|
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F I G U R E 1 Location of the study site at
Naiman Desertification Research Station,
Chinese Academy of Science (CAS), in the
Horqin Sandy Land of southeastern part of
Inner Mongolia

is characterized as temperate, semiarid continental monsoonal. The

sandy grasslands; and S. viridis could be found in most habitats across

long-term annual average precipitation is approximately 366 mm,

the sandy land (Table S1). Species were planted randomly in the 30

of which 80% occurs during the growing season between June

pots, with five replicates for each plant species, leaving five pots with-

and September. The average annual potential evapotranspiration

out any plants as the controls (CK).

is 1935 mm. The average temperature is 6.4°C, ranging between a

Seeds were collected from nearby natural vegetation at Naiman

monthly maximum average of 24°C during the summer and minimum

Station in August and September 2014. The seeds were soaked in sterile

of −17°C in the winter. The soil is classified as sandy chestnut, which

water for 30 min and sterilized under UV light for 20 min before sow-

is light yellow in color and loose sand in texture, leading to its vulner-

ing. Approximately 100–150 seeds were sown in each pot on 21 May

ability to wind erosion (Li, Zhang, Zhang, & Shirato, 2003; Zhao et al.,

2015. Sufficient water (the same volume) was added twice to each pot

2003; Wang et al., 2016). The native plant community dominating the

to ensure the germination of the seeds immediately after sowing and at

area includes Agriophyllum squarrosum L., Setaria viridis L., Artemisia

the end of May. Pots were weeded every 5 days to ensure that only the

halodendron Turcz., Caragana microphylla L., Melissitus ruthenicus L.,

targeted plant species was growing in each pot. Seedlings were thinned

Lespedeza davurica L., Cleistogenes squarrosa L., Corispermum macrocar-

out to 10–15 individuals in each pot to avoid competition. Soil samples

pum, Chenopodium acuminatum, and Pennisetum centrasiaticum Tzvel.

were collected on 11 September 2015. A pooled sample was derived

(Zuo et al., 2012).

from five cores at a depth of 0–10 cm in each pot using the “S” collection pattern. The soil samples were sealed in sterile Ziploc bags and

2.2 | Experimental design

transported to the laboratory in an icebox for immediate analysis.
A complementary field study was established where rhizospheric

A flat sandy field was selected near Naiman Station, and 30 plastic

soil samples were collected from a nearby site to compare to the me-

pots (mesocosms, 60 cm height × 50 cm diameter) were buried in the

socosm pot experiment. We selected five mobile dunes, in which both

field. Four layers of soils (0–10, 10–20, 20–40, and 40–60 cm) were

A. squarrosum (AS) and A. halodendron (AH) native plants were present.

separately taken from the mobile dunes and sieved at 2 mm to keep

Rhizospheric soils from 10 to 15 plants per species were carefully col-

the soil homogenous across the layers. The pots were then filled with

lected within 0.5 mm of the plant roots for analysis. Bare soil samples

sieved soils in the sequence corresponding to each depth. The same

were also taken at a depth of 0–10 cm in the mobile dunes as a control.

amount of soil was added to each pot for each soil layer to minimize

Soil parameters, including soil pH, electrical conductivity (EC), soil

variability. We selected five native local plant species for this study:

temperature (ST), soil water content (SWC), carbon (C), nitrogen (N),

A. squarrosum is a pioneer annual herb that occupies mobile dunes;

and particle size distribution were analyzed in each pot to assess their

A. halodendron is a native shrub that dominates semistabilized dunes;

relationship with the soil bacterial community. Soil temperature (ST)

C. acuminatum is one of the dominant herbaceous species in stabilized

and soil water content (SWC) were measured by a portable electrical

dunes; C. macrocarpum is one of the dominant herbaceous species in

thermometer and a soil moisture sensor, respectively. Soil particle size

1696
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F I G U R E 2 Soil bacterial abundance, richness, and Shannon diversity index as impacted by different plant species: Agriophyllum squarrosum
(AS), Artemisia halodendron (AH), Chenopodium acuminatum (CA), Setaria viridis (SV), and Corispermum macrocarpum (CM), in Horqin Sandy Land,
northern China
distribution was measured using the wet sieving method from the in-

sequences were assigned to the same operational taxonomic unit

ternational and USDA classification systems. Soil pH and EC were de-

(OTU). The representative sequence for each OTU was used for

termined in a 1:1 and 1:5 soil–water extract using a pH and EC probe,

species annotation based on the Greengene Database (http://

respectively. Soil total carbon (C) and nitrogen (N) were analyzed using

greengenes.lbl.gov/cgi-bin/nph-index.cgi) using the RDP (Ribosomal

an elemental analyzer (Elementar, Germany).

Database Project) (version 2.2) classifier algorithm (Wang, Garrity,
Tiedje, & Cole, 2007). The phylogenetic relationships of the different

2.3 | DNA extraction and sequencing

bacterial species were aligned using the MUSCLE software (version
3.8.31).

Total genome DNA was extracted from the soil samples upon their

Soil bacterial abundance (A) refers to the number of total effective

arrival to the laboratory, using the MoBio PowerSoil DNA Isolation

tags in each sample. The observed species richness (S) is the number

Kit (MOBIO Laboratories, USA). The extracted genome DNA was

of OTUs. The ecological Shannon index (H) is used to determine the

stored at −80°C until sequencing. PCR amplification was conducted

soil bacterial diversity.

using the universal primer 515F-806R, targeting 16S rRNA of V4
genes (Caporaso et al., 2011). PCR products were conducted using

H=

electrophoretic detection in 2% agarose gel. We mixed the qualified

S
∑
Ni
i=1

A

ln

Ni
A

PCR products in equidensity according to their concentrations, and a

where S is the observed OTUs in each sample, A is the number of total

Qiagen Gel Extraction Kit (Germany) was used for the purification of

effective tags in each sample, and Ni is the number of tags in the OTUi.

qualified PCR products. To build sequencing libraries, a TruSeq DNA

The bacterial diversity index is expressed as mean ± SE (n = 5).

PCR-Free Sample Preparation Kit (Illumina, USA) was used according

Significant differences among plant species and treatments were

to manufacturer’s instructions. The sequencing library was assessed

assessed by ANOVA and LSD tests at p < .05. Correlations between

by Qubit (Qubit 2.0 Fluorometer, Thermo Scientific) and Q-PCR

the bacterial community and soil factors were analyzed by Pearson

(Agilent Bioanalyzer 2100). Then, the sequencing was performed from

two-tailed tests. Origin (version 8.0) and PASW (version 18.0) were

the qualified library on the Illumina HiSeq2500 PE250 platform.

used to analyze the descriptive statistical data, significance tests, and
correlations. The relative contribution of the soil factors to bacterial

2.4 | Data analysis

community composition was determined using ordination analysis.
Detrended correspondence analysis (DCA) was first used to analyze

The primer and the barcode sequence were cut off from the 250 bp

the bacterial community, suggesting that redundancy analysis (RDA)

paired-end reads generated from the Illumina platform. Raw tags were

was suitable for environment–community relationship analysis (length

merged and assembled using FLASH (version 1.2.7; Magoc & Salzberg,

of gradient < 3; Liu, Zhao, Zhao, & Liu, 2015). The significance of the

2011). In addition, high-quality clean tags were obtained by filtering

RDA correlations was determined by a Monte Carlo test. CANOCO

the raw tags using the quality controlled process of QIIME (version

(version 4.5) was used to conduct the DCA and RDA.

1.7.0; Caporaso et al., 2010). To determine chimera sequences, the
clean tags were aligned by the method that compares the UCHIME
algorithm to the Gold Database (http://drive5.com/uchime/uchime_
download.html), in order to find out chimera sequences. Finally, the
chimera sequences were removed to develop the effective tags
(Edgar, Haas, Clemente, Quince, & Knight, 2011).

3 | RESULTS
3.1 | Effect of dominant plant species on soil
bacterial abundance, richness, and diversity

Sequences from the effective tags were analyzed using UPARSE

The OTUs were obtained from the sequences with 97% similarity,

software (version 7.0.1001; Edgar, 2013). High similarity (≥97%)

and the statistical parameter of the OTUs was used to calculate soil

|
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F I G U R E 3 Field rhizospheric bacterial abundance, richness, and Shannon diversity index in mobile dunes. MD: mobile dunes, rAS:
rhizospheric soil of A. squarrosum, rAH: rhizospheric soil of A. halodendron

bacterial abundance, richness, and diversity. Soil bacterial abundance, richness, and Shannon diversity were higher in bare sand
(CK) than in planted pots (Figure 2). Bacterial abundance (A: the

3.3 | Effect of dominant plant species on
soil properties

number of effective tags) was significantly lower in soils with the

Plant species composition did not have a significant impact on soil

perennial shrub AH than in CK and in other plant species except for

pH, electrical conductivity (EC), or soil particle size distribution

AS. Species richness (S) was significantly higher in CK soils than in

during the study. However, it significantly impacted the soil water

those under the five dominant plant species, and it was the lowest

content (SWC), temperature (ST), carbon (C), nitrogen (N), and C:N

under AH (p < .001). The highest Shannon diversity index (H) was

ratio (Table 1). SWC and ST were significantly higher in bare sandy

recorded in CK soils (H = 8.31), and it was significantly higher than

soils (CK) than in the mesocosm pots with different plant species

in planted soils, except for CM. The Shannon diversity index was

(p < .001). Soil total C and N increased significantly after planting

the lowest under AH soils (H = 7.27). The results from the comple-

(p < .05).

mentary field rhizospheric bacterial diversity study were consistent
with those from the mesocosm pots experiment. Bacterial species
richness and Shannon diversity index were significantly higher in
bare sand of mobile dune (MD) than those in the rhizospheric soils
of AS and AH (Figure 3).

3.4 | Relationship between soil bacterial
community and soil properties
RDA showed the contributions of the tested soil factors to the bacterial community composition as it was affected by different dominant

3.2 | Effect of dominant plant species on soil
bacterial community structure

plant species in sandy grasslands. The Monte Carlo test indicated that
all of the canonical axes were significant (p = .026, Figure 6). Table 2
shows the correlations between the soil variables and the four axes

The bacterial species annotated by the OTUs were analyzed to deter-

of the RDA. The cumulative percentage variances of first and second

mine the community structure. Table S2 summarizes the most abun-

axes were 63.1% and 19.3%, respectively, indicating the soil bacte-

dant taxonomic groups in the soils of the five different plant species

rial community was significantly affected by the measured variables.

and CK at the phyla, class, and order levels. A cluster heatmap of the

Specifically, the first axis was significantly and positively correlated

soil bacterial composition clearly showed the differences between

with the soil carbon and nitrogen and negatively correlated with the

the bacterial annotations at the genus level (Figure 4). According to

soil water content (Table 2). The contribution of soil factors to soil

the annotated OTUs, Proteobacteria, Actinobacteria, and Bacteroidetes

bacterial community composition showed that only soil water content

represented the most abundant phyla in all samples, comprising

(p = .002) and soil nitrogen (p = .03) were significant under the Monte

27.12–35.75%, 19.52–32.38%, and 20.75–34.01%, respectively, of

Carlo permutation test (Table 3), suggesting soil water content and

the total OTUs in each treatment. These three phyla occupied more

nitrogen are the main soil factors that influence the bacterial com-

than 80% of each sample, and they did not show any significant differ-

position associated with dominant plant species in degraded sandy

ence among the plant species.

grasslands.

The Venn diagram represents the number of specific bacterial

The biplot demonstrated a clear separation (circles in different

species (represented by OTU) associated with different plant spe-

colors) between bare sand (CK) and planted pots. Total soil carbon

cies (Figure 5). The common bacterial species represented more

and nitrogen increased along the first axis, and soil water content de-

than 90% of the total species recorded. However, a small percent-

creased. Correlations between soil bacterial taxa (triangles) and soil

age (5–10%) of specific bacterial species emerged in different host

factors (vectors) were also shown in the biplot diagram (Figure 6).

plants.

The results indicated that bacterial taxa responded differently to soil

1698
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F I G U R E 4 Cluster heatmap of bacterial
community composition at the genus level

33) were negatively correlated with soil nitrogen. Fewer taxa (P 2
and 5) were positively correlated with soil carbon, while some other
taxa (P 2, 13, 27) were negatively correlated with soil carbon. P14
was positively correlated with soil temperature and pH, and P11 and
P20 were only correlated with soil EC. Other taxa (P 1, 8, 9, 12, 16,
19, 22, 23, 30, 31) were weakly associated with the examined soil
variables.
When incorporating plant species as a parameter in the RDA, the
results did not show a significant change in the distribution of the
samples (circles in different colors) (Figure 7). The plant species (Sp,
p = .002) became the most important factor that shaped the bacterial
community structure, followed by soil total nitrogen (N, p = .04) and
soil water content (SWC, p = .05).

F I G U R E 5 Venn diagram of the soil bacterial OTU associated with
different plant species. The number of core represents the common
OTU detected in all of the samples, and the numbers in different oval
represent the specific OTU in different plant species

4 | DISCUSSION
During restoration efforts, plant species composition can shape the
diversity and composition of soil microbial communities through root
exudates in the rhizosphere and cause shifts in the soil environment,

parameters (Table 4). Some taxa (P 2, 4, 6, 7, 10, 13, 15, 17, 21, 24,

resulting in specific microbial populations colonizing certain host

25, 27, 29, 34) appeared to be positively correlated with soil water

plants (Berg & Smalla, 2009; Prober et al., 2015). Results of this short-

content, while others (P 4, 6, 10, 13, 17, 18, 21, 24, 26, 27, 28, 29,

term study indicated that, although the common bacterial species

|
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represented more than 90% of the total recorded species, a small
portion (5–10%) of specific species emerged in different host plants.
.003

4.95

Bacterial species diversity and richness were higher in bare sandy
soil (CK) than in planted soils; additionally, higher specific bacterial
species were detected in CK compared with the vegetated soils. This
could be due to shifts in the soil environment, especially in nutrient
sources for bacteria, such as nitrogen and water, which are mostly
.04

driven by plant root exudates and physiological characteristics. These
2.77

4.83 ± 0.21 b

3.85 ± 0.38 a,c
0.069 ± 0.009 b

0.056 ± 0.002 a
0.268 ± 0.005 b

shifts favor certain bacterial species over others, in our case leading
to the emergence of less diverse and more host-specific communities
associated with the plant rhizosphere. In our study, the soil and envi-

8.02

<.001

the bacterial community. Soil microorganisms are highly responsive to
the quality of soil labile organic carbon substrate. Labile substrates are
influenced by the natural input into the soils, and they are the main
driving force for bacterial mineralization (Li et al., 2015). The five plant

.14

1.86

species were functionally different—with different growth habits and
resource use strategies—leading to differences in the soil environment
and bacterial community. For example, soil bacterial diversity was
significantly lower under AH, a perennial shrub, relative to the bare
sandy soils in both pot (mesocosm) and field rhizospheric experiment.
This is probably due to the root morphology (greater root mass) and
.16

8.58 ± 0.16 a,b

ronmental conditions were similar before planting and the presence
of vegetation-modified soil factors over one growing season, shaping

1.76

8.65 ± 0.42 a,b
7.55 ± 0.03 b

7.67 ± 0.07 a,b

0.253 ± 0.005 b

4.44 ± 0.07 b,c

3.63 ± 0.29 a
0.069 ± 0.003 b

0.057 ± 0.002 a,b
0.254 ± 0.007 b
8.13 ± 0.40 b

0.248 ± 0.009 b
9.58 ± 0.77 a,b
7.50 ± 0.03,b

7.61 ± 0.05 a,b

3.64 ± 0.19 a

4.63 ± 0.14 b
0.055 ± 0.002 a

0.054 ± 0.003 a

7.75 ± 0.23 a
25.45 ± 0.15 b

0.197 ± 0.017 a
8.93 ± 0.53 a,b

10.15 ± 0.72 a

7.68 ± 0.10 a,b
26.13 ± 0.13 a,c
7.02 ± 0.27 a

5.93 ± 0.05 b,c

0.255 ± 0.003 b

quality characteristics (higher lignin to cellulose ratio) in this perennial
species relative to its annual counterparts or bare sandy soils (Luo,
selection must be taken into consideration during restoration efforts,

<.001

13.40

and changes of vegetation cover that are caused by climate variability
and extremes, as well as anthropogenic management can have significant impacts on soil microbial communities and soil health (Berg
& Smalla, 2009).
Microbial diversity could be used to describe the biological

<.001

14.98

organization and complexity at different scales, from genetic variability within and between taxa to functional groups in ecosystems (Torsvik & Øvreås, 2002). Bacterial functions can be assessed
through their ecological activities; however, with the development
of high-throughput sequencing, it is now possible to identify gene
.86

0.37

characteristics in microbes and to better understand gene functions
and metabolic pathways (Vanwonterghem, Jensen, Ho, Batstone, &
Tyson, 2014; Cong et al., 2015). Some of the genes are associated
with litter decomposition (Wang et al., 2015; Wymore et al., 2016),

.68

0.63

and others are associated with nutrient cycling (Paul, 2014), such as
carbon (Nielsen, Ayres, Wall, & Bardgett, 2011; Schimel & Schaeffer,
2015) and nitrogen (Bru et al., 2011; He, Shen, Zhang, & Di, 2012;
Tu et al., 2017). In this study, we detected some taxa that are closely
related to various ecological functions. For example, Cyanobacteria
.72

(P5, occupied approximately 2% of total OTU) have been recog0.58

25.87 ± 0.07 b,d

25.26 ± 0.06 c
6.25 ± 0.07 b

25.16 ± 0.04 c
5.92 ± 0.06 b,c

5.64 ± 0.06 c
2.04 ± 0.22 a

1.64 ± 0.22 a
1.86 ± 0.16 a

2.08 ± 0.40 a
95.88 ± 0.43 a

96.50 ± 0.32 a

25.69 ± 0.10 a,d
6.28 ± 0.04 b,d

1.90 ± 0.16 a

2.02 ± 0.23 a
2.23 ± 0.10 a

1.82 ± 0.18 a
96.28 ± 0.28 a

95.66 ± 0.26 a

2.16 ± 0.52 a
2.02 ± 0.24 a

1.88 ± 0.21 a
95.86 ± 0.50 a

95.82 ± 0.61 a

2.26 ± 0.55 a

Zhao, Ding, & Wang, 2016). These results demonstrated that species

nized for their oxygenic photosynthesis properties (Soo et al., 2014);
Crenarchaeota (P7, 0.1–1%), associated with ammonia oxidation,
have been identified as ammonia-oxidizing archaea (AOA) (Leininger

p

Chavez, & Francis, 2014); Nitrospirae (P17, 0.03–0.6%) is ubiquitous
F

CM

CA

SV

AS

CK

et al., 2006; Francis, Beman, & Kuypers, 2007; Smith, Casciotti,
AH

C/N
N (%)
C (%)
EC
pH
ST (°C)
SWC (v%)
Silt and clay
(<0.05 mm)
Fine sand
(0.05–0.1 mm)
Coarse sand
(0.1–2 mm)
Plant
species

Particle size distribution

T A B L E 1 Soil properties in bare sandy soil (control, CK), and under five different dominant plant species: Agriophyllum squarrosum (AS), Artemisia halodendron (AH), Chenopodium acuminatum
(CA), Setaria viridis (SV), Corispermum macrocarpum (CM), in Horqin Sandy Land, China
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in terrestrial environments and plays a vital role in the nitrification of
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F I G U R E 6 Two-dimensional RDA
ordination diagram for the first two axes,
showing the distribution of the 30 samples
(circles), 34 predominant bacterial taxa
(triangles), and soil variables (vectors).
Abbreviations of the bacterial taxa are the
same as in Table4
T A B L E 2 Intra-set correlations of soil factors, eigenvalue,
cumulative percent variance of bacterial species, and bacterial
species-environment correlation coefficients for the first four axes of
RDA

T A B L E 3 Redundancy analysis (RDA) of taxa data for quantifying
the conditional effects of measured soil factors on bacterial taxa
composition at the phylum level, using forward selection with Monte
Carlo permutation test

Axis
Soil variables

SPX1

SPX2

SPX3

SPX4

Soil variables

Initial
conditional
effects

C

0.414*

−0.150

−0.310

0.096

SWC

0.186

18.6

6.41

.002**

N

0.451*

−0.056

0.354

0.019

N

0.127

7.9

2.89

.03*

C:N

−0.033

0.027

−0.535**

0.096

C

0.110

4.7

1.4

.24

CS

0.082

−0.065

−0.221

0.196

C/N

0.047

3.4

1.25

.29

FS

0.029

−0.335

0.012

−0.041

SC

0.040

3.6

1.81

.13

SC

−0.119

0.306

0.258

−0.208

ST

0.019

2.5

0.97

.41

SWC

−0.594**

0.110

0.065

−0.012

pH

0.014

2.4

0.93

.42

ST

0.105

−0.086

0.240

0.102

EC

0.009

1.3

0.49

.67

pH

−0.059

0.164

0.022

−0.186

CS

0.007

0.9

0.34

.84

EC

−0.036

0.164

0.020

−0.188

FS

0.003

0

0.01

.98

Eigenvalue

0.286

0.087

0.056

0.013

Total

Cumulative percentage variance %

63.1

82.3

94.7

97.6

C: soil carbon; N: soil nitrogen; CS: coarse sand (>0.25 mm); FS: fine sand
(0.25–0.05 mm); SC: silt and clay (<0.05 mm); SWC: soil water content; ST:
soil temperature; pH: soil pH value; EC: electrical conductivity.
Abbreviations of the soil variables are the same blow.
*Correlation was significant at the 0.05 level (2-tailed).
**Correlation was significant at the 0.01 level (2-tailed).

MCR (%)

F

p

45.3

Note: *the effect is significant at 0.05 level; **the effect is significant at
0.01 level.

produce chlorosomes as their light-harvesting complexes (Liu et al.,
2012). Although we detected a small fraction (<5%) of those specific functional bacteria, their ecological functions should not be underestimated. They are closely related to nutrient cycling, organic
matter decomposition, and help regulate the development of soil

the nitrogen cycle (Martínez-Alonso, Escolano Sánchez, Montesinos

structure and plant productivity in terrestrial ecosystems, especially

Seguí, & Gaju, 2010); Chloroflexi (P10, 1%) is a wide spread phylum,

in the N-limited semiarid sandy grasslands.

which is associated with nitrite-oxidizing bacteria (NOB) (Sorokin

Soil bacterial communities are sensitive to environmental

et al., 2012) and granulation and preservation of the granule struc-

changes. Many studies have shown that environmental factors,

ture (Yamada et al., 2005); Chlorobi (P21, 0.05%), the members of

mainly pH and nitrogen, are the main predictors of soil bacterial di-

which are physiologically similar to “green sulfur bacteria” (GSB) can

versity (Lindström & Langenheder, 2012; Zhalnina et al., 2015). Soil
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TABLE 4
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Correlation coefficients between single bacterial taxa and soil variables

Bacterial taxa

Taxa
number

C

Proteobacteria

P1

−0.148

0.263

0.359

Actinobacteria

P2

−0.365*

−0.304

0.036

Bacteroidetes

P3

Firmicutes

P4

Cyanobacteria

P5

Acidobacteria

P6

Crenarchaeota
Verrucomicrobia

N

0.420*
−0.208
0.378*

CN

CS

FS

SC

SWC

ST

0.228

−0.013

−0.266

−0.208

−0.289

0.023

−0.086

0.098

0.067

−0.164

0.422*

−0.205

−0.046

−0.147

−0.164

−0.425*

0.045

−0.077

−0.116

0.384*

−0.132

0.200

0.192

0.221

−0.170

0.083

0.094

−0.443*

−0.138

−0.186

−0.206

0.364*

−0.284

pH

EC

0.203

−0.034

0.234

−0.316

−0.067

−0.214

−0.379*

−0.117

−0.250

0.041

0.273

−0.007

−0.233

−0.082

0.491**

0.048

0.234

−0.011

P7

0.014

−0.185

−0.182

−0.340

0.170

0.294

P8

−0.063

−0.210

−0.024

0.119

−0.158

−0.036

−0.152

0.462*

0.130

0.064

0.066

0.059

0.114

−0.124

Planctomycetes

P9

−0.258

−0.154

0.170

0.073

−0.098

−0.021

Chloroflexi

P10

−0.189

−0.430*

−0.146

−0.221

−0.062

0.308

0.153

0.228

0.233

0.060

0.431*

0.286

0.430*

0.148

TM7

P11

0.217

0.156

−0.056

0.083

0.098

−0.166

−0.101

−0.022

−0.273

Tenericutes

P12

0.027

0.118

0.036

0.045

0.029

−0.074

0.079

0.128

−0.147

−0.032

Gemmatimonadetes

P13

−0.402*

−0.380*

0.077

−0.018

−0.051

0.056

Euryarchaeota

P14

−0.028

−0.097

−0.041

−0.261

0.140

0.219

−0.030

FBP

P15

0.283

0.099

−0.115

−0.167

0.151

0.098

−0.398*

Fibrobacteres

P16

0.110

0.225

0.077

0.124

−0.178

−0.028

−0.226

Nitrospirae

P17

−0.194

−0.396*

−0.151

−0.232

0.027

0.261

Armatimonadetes

P18

−0.215

−0.372*

−0.038

0.152

−0.270

0.001

Thermi

P19

−0.156

−0.182

0.007

0.297

−0.058

Fusobacteria

P20

0.336

−0.088

−0.339

−0.166

0.122

Chlorobi

P21

−0.335

−0.565**

−0.174

−0.018

OP3

P22

−0.252

−0.352

−0.017

−0.014

Chlamydiae

P23

−0.299

−0.190

0.127

WS3

P24

−0.319

−0.655**

−0.199

Elusimicrobia

P25

−0.279

−0.325

GAL15

P26

−0.201

−0.388*

Spirochaetes

P27

−0.414*

−0.436*

BHI80-139

P28

−0.110

−0.469**

BRC1

P29

−0.309

−0.416*

TM6

P30

0.104

−0.134

OD1

P31

−0.058

GN04

P32

−0.272

0.405*

0.373*

0.096

0.327

−0.113

0.471**

0.548**

0.250

0.388*

0.368*

0.040

−0.319

0.045

−0.281

0.517**

0.073

0.105

0.014

0.217

−0.068

0.289

0.025

−0.318

0.292

−0.337

0.056

−0.246

0.117

0.049

−0.085

−0.221

−0.222

0.173

0.522*

−0.089

0.234

−0.047

−0.184

0.141

0.119

0.180

0.069

0.047

−0.026

0.076

−0.020

0.261

−0.028

0.093

−0.097

−0.102

−0.279

0.312

0.491**

0.092

0.301

0.051

−0.036

−0.113

−0.229

0.292

0.530**

−0.154

0.174

−0.019

−0.108

0.128

−0.123

−0.071

0.122

−0.014

0.049

−0.105

0.053

0.127

−0.511**

0.193

0.480**

−0.073

0.248

0.214

−0.270

−0.220

−0.036

0.289

0.357

0.181

0.200

−0.045

−0.058

0.106

−0.126

−0.042

0.449*

−0.055

0.174

−0.242

−0.041

0.048

−0.150

0.043

−0.074

−0.135

0.024

−0.042

−0.346

−0.173

0.125

−0.173

−0.033

−0.089

0.175

0.009

−0.037

−0.058

0.213

0.339

0.039

−0.435*

0.150

−0.348

−0.057

−0.183

0.368*

NC10

P33

−0.157

−0.387*

−0.073

0.062

−0.074

−0.024

0.196

0.032

0.145

0.050

AD3

P34

−0.335

−0.333

0.072

0.132

−0.154

−0.055

0.495**

−0.179

0.243

−0.067

*

Correlation was significant at the 0.05 level (2-tailed).
Correlation was significant at the 0.01 level (2-tailed).

**

pH has been found to be significantly associated with soil bacterial

content and nitrogen were the main factors that were significantly

community structure at the continental scale (Lauber et al., 2009)

correlated with the soil bacterial community structure. On the other

and in long-term experiments (Zhalnina et al., 2015). Nitrogen is

hand, we did not record any significant correlation between soil bac-

thought to be the key driver for changes in bacterial structure in

terial community and pH, since the later did not change significantly

agricultural soils (Cederlund et al., 2014). Soils are considered of

in response to vegetation presence during the one-year experiment.

the most heterogeneous in terrestrial ecosystem, due to variable

Although soil water content does not play a significant role in the

labile organic matter input by plants within and across ecosystems

bacterial structure at the continental scale (Lauber et al., 2009), it

(Kuzyakov & Blagodatskaya, 2015). Our results showed that soil

may have a stronger effect in a semiarid areas when examined at

properties shifted in responses to the plant species, and soil water

the local scale.

1702

|

WANG et al.

CO NFL I C T O F I NT ER ES T
None declared.

AU T HO R CO NT R I B U T I O N
Shaokun Wang and Xiaoan Zuo conceived and planned the experiment. Xueyong Zhao developed the experimental design. Yongqing
Luo, Yuqing Li, and Hao Qu participated in the field and laboratory
work. Shaokun Wang performed the experiment and wrote the original manuscript. Tala Awada contributed the data analysis and manuscript editing. All authors contributed to the final manuscript.

O RC I D
Shaokun Wang

http://orcid.org/0000-0003-4650-3386

REFERENCES
F I G U R E 7 The two-dimensional RDA ordination diagram for the
first two axes, showing the distribution of the 30 samples (circles) and
soil variables (vectors) with plant species (Sp) as an additional factor

5 | CONCLUSION
Our findings clearly illustrated the associations among soil bacterial diversity and composition with plant species changes and plant-induced
soil properties in sandy grassland ecosystem. The bacterial species richness and diversity declined in vegetated plots compared with bare sandy
soils. The dominant bacterial taxa were universal in soils with different
plant species, and distinctive bacterial taxa associated with specific host
plants were also detected. Soil properties could explain a significant
proportion of variation in the bacterial composition. In addition to plant
species, soil water and nitrogen contents were key factors in determining soil bacterial community structure. Changes in the dominant plant
species in the restoration of sandy grassland not only directly determine
soil bacterial diversity and composition but also alter the key soil properties to affect the soil bacterial community. These results address the
role of changes in dominant plant species interacted with plant-induced
soil properties in shaping the soil bacterial community, thus providing
the valuable support for the future studies of the plant–microbe–soil
interactions in vegetation restoration of semiarid sandy grasslands.

ACKNOWLE DG ME NTS
This work was financially supported by the National Nature Science
Foundation of China (41401620, 41571106, and 41501572),
and the China National Key Research and Development Plan
(2016YFC0500506). We appreciate the assistance of staff of the
Urat Desert-grassland Research Station and Naiman Desertification
Research Station, CAS, for their help in the field and with laboratory
work. We also would like to thank the anonymous reviewers for their
valuable comments on the manuscript.

Aronson, J., Floret, C., Floc’H, E., Ovalle, C., & Pontanier, R. (1993).
Restoration and rehabilitation of degraded ecosystems in arid and
semi-arid lands. II. Case studies in Southern Tunisia, Central Chile and
Northern Cameroon. Restoration Ecology, 1, 168–187.
Berg, G., & Smalla, K. (2009). Plant species and soil type cooperatively shape the structure and function of microbial communities in
the rhizosphere. FEMS Microbiology Ecology, 68, 1–13. https://doi.
org/10.1111/j.1574-6941.2009.00654.x
Bru, D., Ramette, A., Saby, N., Dequiedt, S., Ranjard, L., Jolivet, C., …
Philippot, L. (2011). Determinants of the distribution of nitrogen-
cycling microbial communities at the landscape scale. The ISME Journal,
5, 532–542. https://doi.org/10.1038/ismej.2010.130
Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.
D., Costello, E. K., … Knight, R. (2010). QIIME allows analysis of high-
throughput community sequencing data. Nature Methods, 7, 335–336.
https://doi.org/10.1038/nmeth.f.303
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C.
A., Turnbaugh, P. J., … Knight, R. (2011). Global patterns of 16s rrna
diversity at a depth of millions of sequences per sample. Proceedings
of the National Academy of Sciences of the United States of America, 108,
4516–4522. https://doi.org/10.1073/pnas.1000080107
Cardinale, M., Grube, M., Erlacher, A., Quehenberger, J., & Berg, G. (2015).
Bacterial networks and co-occurrence relationships in the lettuce
root microbiota. Environmental Microbiology, 17, 239–252. https://doi.
org/10.1111/1462-2920.12686
Cederlund, H., Wessén, E., Enwall, K., Jones, C. M., Juhanson, J., Pell, M.,
… Hallin, S. (2014). Soil carbon quality and nitrogen fertilization structure bacterial communities with predictable responses of major bacterial phyla. Applied Soil Ecology, 84, 62–68. https://doi.org/10.1016/j.
apsoil.2014.06.003
Cong, J., Liu, X., Lu, H., Xu, H., Li, Y., Deng, Y., … Zhang, Y. (2015). Analyses
of the influencing factors of soil microbial functional gene diversity in
tropical rainforest based on GeoChip 5.0. Genomics data, 5, 397–398.
https://doi.org/10.1016/j.gdata.2015.07.010
Davis, M. A., & Slobodkin, L. B. (2004). The science and values of
restoration ecology. Restoration Ecology, 12, 1–3. https://doi.
org/10.1111/j.1061-2971.2004.0351.x
Edgar, R. C. (2013). UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nature Methods, 10, 996–998. https://doi.
org/10.1038/nmeth.2604
Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., & Knight, R.
(2011). UCHIME improves sensitivity and speed of chimera

WANG et al.

detection. Bioinformatics, 27, 2194–2200. https://doi.org/10.1093/
bioinformatics/btr381
Fierer, N., & Jackson, R. B. (2006). The diversity and biogeography of soil
bacterial communities. Proceedings of the National Academy of Sciences
of the United States of America, 103, 626–631. https://doi.org/10.1073/
pnas.0507535103
Francis, C. A., Beman, J. M., & Kuypers, M. M. (2007). New processes and
players in the nitrogen cycle: The microbial ecology of anaerobic and
archaeal ammonia oxidation. The ISME Journal, 1, 19–27. https://doi.
org/10.1038/ismej.2007.8
Harris, J. (2009). Soil microbial communities and restoration ecology: Facilitators or followers? Science, 325, 573–574. https://doi.
org/10.1126/science.1172975
He, J., Shen, J., Zhang, L., & Di, H. J. (2012). A review of ammonia-oxidizing
bacteria and archaea in Chinese soils. Frontiers in Microbiology, 3, 296.
Jacoby, R., Peukert, M., Succurro, A., Koprivova, A., & Kopriva, S. (2017).
The role of soil microorganisms in plant mineral nutrition—current
knowledge and future directions. Frontiers in Plant Science, 8, 1617.
https://doi.org/10.3389/fpls.2017.01617
Keenelyside, K., Dudley, N., Cairns, S., Hall, C., & Stolton, S. (2012).
Ecological restoration for protected areas: Principles, guidelines and
best practices. Gland, Switzerland: IUCN.
Kourtev, P. S., Ehrenfeld, J. G., & Häggblom, M. (2002). Exotic plant species alter the microbial community structure and function in the soil.
Ecology, 83, 3152–3166. https://doi.org/10.1890/0012-9658(2002)0
83[3152:EPSATM]2.0.CO;2
Kuzyakov, Y., & Blagodatskaya, E. (2015). Microbial hotspots and hot moments in soil: Concept & review. Soil Biology and Biochemistry, 83, 184–
199. https://doi.org/10.1016/j.soilbio.2015.01.025
Lauber, C. L., Hamady, M., Knight, R., & Fierer, N. (2009). Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial community structure at the continental scale. Applied and Environmental
Microbiology, 75, 5111–5120. https://doi.org/10.1128/AEM.00335-09
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G. W., …
Schleper, C. (2006). Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature, 442, 806–809. https://doi.org/10.1038/
nature04983
Li, X. J., Li, X. R., Song, W. M., Gao, Y. P., Zheng, J. G., & Jia, R. L. (2008).
Effects of crust and shrub patches on runoff, sedimentation, and related nutrient (C, N) redistribution in the desertified steppe zone of the
Tengger Desert, Northern China. Geomorphology, 96, 221–232. https://
doi.org/10.1016/j.geomorph.2007.08.006
Li, F., Zhang, H., Zhang, T., & Shirato, Y. (2003). Variations of sand transportation rates in sandy grasslands along a desertification gradient
in northern China. Catena, 53, 255–272. https://doi.org/10.1016/
S0341-8162(03)00039-0
Li, Y., Zhao, X., Zhang, F., Awada, T., Wang, S., Zhao, H., … Li, Y. (2015).
Accumulation of soil organic carbon during natural restoration of desertified grassland in China’s Horqin Sandy Land. Journal of Arid Land, 7,
328–340. https://doi.org/10.1007/s40333-014-0045-1
Lindström, E. S., & Langenheder, S. (2012). Local and regional factors influencing bacterial community assembly. Environmental Microbiology
Reports, 4, 1–9. https://doi.org/10.1111/j.1758-2229.2011.00257.x
Liu, Z., Frigaard, N., Vogl, K., Iino, T., Ohkuma, M., Overmann, J., & Bryant, D.
A. (2012). Complete genome of Ignavibacterium album, a metabolically
versatile, flagellated, facultative anaerobe from the phylum Chlorobi.
Frontiers in Microbiology, 3, 185.
Liu, R. T., Zhao, H. L., Zhao, X. Y., & Liu, X. M. (2015). Distribution of soil
fauna in Horqin Sandy Land. Beijing, China: Science Press.
Liu, R. T., Zhao, H. L., Zhao, X. Y., Zuo, X. A., & Drake, S. (2009). Soil macrofaunal response to sand dune conversion from mobile dunes to fixed
dunes in Horqin sandy land, northern China. European Journal of Soil
Biology, 45, 417–422. https://doi.org/10.1016/j.ejsobi.2009.06.006
Luo, Y. Q., Zhao, X. Y., Ding, J. P., & Wang, T. (2016). Vertical distribution
of Artemisia halodendron root system in relation to soil properties in

|

1703

Horqin Sandy Land, NE China. Sciences in Cold and Arid Regions, 8,
0411–0418.
Magoc, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of short
reads to improve genome assemblies. Bioinformatics, 27, 2957–2963.
https://doi.org/10.1093/bioinformatics/btr507
Mariadassou, M., Pichon, S., & Ebert, D. (2015). Microbial ecosystems are
dominated by specialist taxa. Ecology Letters, 18, 974–982. https://doi.
org/10.1111/ele.12478
Martínez-Alonso, M., Escolano Sánchez, J., Montesinos Seguí, E., & Gaju, N.
(2010). Diversity of the bacterial community in the surface soil of a pear
orchard based on 16S rRNA gene analysis. International Microbiology,
13, 123–134.
Nielsen, U. N., Ayres, E., Wall, D. H., & Bardgett, R. D. (2011). Soil biodiversity and carbon cycling: A review and synthesis of studies examining diversity–function relationships. European Journal of Soil
Science, 62, 105–116. https://doi.org/10.1111/j.1365-2389.2010.
01314.x
Paul, E. A. (2014). Soil microbiology, ecology and biochemistry. Cambridge,
MA, USA: Academic Press.
Prober, S. M., Leff, J. W., Bates, S. T., Borer, E. T., Firn, J., Harpole, W. S., …
Bakker, J. D. (2015). Plant diversity predicts beta but not alpha diversity of soil microbes across grasslands worldwide. Ecology Letters, 18,
85–95. https://doi.org/10.1111/ele.12381
Rousk, J., Bååth, E., Brookes, P. C., Lauber, C. L., Lozupone, C., Caporaso, J.
G., … Fierer, N. (2010). Soil bacterial and fungal communities across a
pH gradient in an arable soil. The ISME Journal, 4, 1340–1351. https://
doi.org/10.1038/ismej.2010.58
Schimel, J. P., & Schaeffer, S. M. (2015). Microbial control over carbon cycling in soil. Frontiers in Microbiology, 26, 348.
Smith, J. M., Casciotti, K. L., Chavez, F. P., & Francis, C. A. (2014). Differential
contributions of archaeal ammonia oxidizer ecotypes to nitrification in
coastal surface waters. The ISME Journal, 8, 1704–1714. https://doi.
org/10.1038/ismej.2014.11
Soo, R. M., Skennerton, C. T., Sekiguchi, Y., Imelfort, M., Paech, S. J., Dennis,
P. G., … Hugenholtz, P. (2014). An expanded genomic representation
of the phylum Cyanobacteria. Genome Biology and Evolution, 6, 1031–
1045. https://doi.org/10.1093/gbe/evu073
Sorokin, D. Y., Lücker, S., Vejmelkova, D., Kostrikina, N. A., Kleerebezem,
R., Rijpstra, W. I. C., … Wagner, M. (2012). Nitrification expanded:
Discovery, physiology and genomics of a nitrite-oxidizing bacterium
from the phylum Chloroflexi. The ISME Journal, 6, 2245–2256. https://
doi.org/10.1038/ismej.2012.70
Torsvik, V., & Øvreås, L. (2002). Microbial diversity and function in soil:
From genes to ecosystems. Current Opinion in Microbiology, 5, 240–
245. https://doi.org/10.1016/S1369-5274(02)00324-7
Tu, Q., He, Z., Wu, L., Xue, K., Xie, G., Chain, P., … Zhou, J. (2017).
Metagenomic reconstruction of nitrogen cycling pathways in a CO
2-enriched grassland ecosystem. Soil Biology and Biochemistry, 106,
99–108. https://doi.org/10.1016/j.soilbio.2016.12.017
Van Der Heijden, M. G. A., Bardgett, R. D., & Van Straalen, N. M. (2008). The
unseen majority: Soil microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecology Letters, 11, 296–310. https://
doi.org/10.1111/j.1461-0248.2007.01139.x
Van Der Wal, A., Geydan, T. D., Kuyper, T. W., & de Boer, W. (2013). A
thready affair: Linking fungal diversity and community dynamics to
terrestrial decomposition processes. FEMS Microbiology Reviews, 37,
477–494.
Vanwonterghem, I., Jensen, P. D., Ho, D. P., Batstone, D. J., & Tyson, G.
W. (2014). Linking microbial community structure, interactions and
function in anaerobic digesters using new molecular techniques.
Current Opinion Biotechology, 27, 55–64. https://doi.org/10.1016/j.
copbio.2013.11.004
Vos, M., Wolf, A. B., Jennings, S. J., & Kowalchuk, G. A. (2013). Micro-scale
determinants of bacterial diversity in soil. FEMS Microbiology Reviews,
37, 936–954. https://doi.org/10.1111/1574-6976.12023

1704

|

Wang, T. (2003). Desert and desertification in China. Shijiazhuang, China:
Hebei Science and Technology Press.
Wang, Q., Garrity, G. M., Tiedje, J. M., & Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Applied and Environment Microbiology, 73, 5261–5267.
https://doi.org/10.1128/AEM.00062-07
Wang, S. K., Zhao, X. Y., Zuo, X. A., Liu, X. P., Qu, H., Mao, W., & Yun, J. Y.
(2015). Screening of cellulose decomposing fungi in sandy dune soil of
Horqin Sandy Land. Sciences in Cold and Arid Regions, 7, 74–80.
Wang, S. K., Zuo, X. A., Zhao, X. Y., Li, Y. Q., Zhou, X., Lv, P., … Yun, J. Y.
(2016). Responses of soil fungal community to the sandy grassland
restoration in Horqin Sandy Land, northern China. Environmental
Monitoring and Assessment, 188, 1–13.
Wymore, A. S., Liu, C. M., Hungate, B. A., Schwartz, E., Price, L. B., Whitham,
T. G., & Marks, J. C. (2016). The influence of time and plant species on
the composition of the decomposing bacterial community in a stream
ecosystem. Microbial Ecology, 71, 825–834.
Yamada, T., Sekiguchi, Y., Imachi, H., Kamagata, Y., Ohashi, A., & Harada,
H. (2005). Diversity, localization, and physiological properties of filamentous microbes belonging to Chloroflexi subphylum I in mesophilic and thermophilic methanogenic sludge granules. Applied and
Environmental Microbiology, 71, 7493–7503. https://doi.org/10.1128/
AEM.71.11.7493-7503.2005
Zhalnina, K., Dias, R., de Quadros, P. D., Davis-Richardson, A., Camargo, F.
A., Clark, I. M., … Triplett, E. W. (2015). Soil pH determines microbial diversity and composition in the park grass experiment. Microbial Ecology,
69, 395–406. https://doi.org/10.1007/s00248-014-0530-2
Zhao, H. L., Li, J., Liu, R. T., Zhou, R. L., Qu, H., & Pan, C. C. (2014). Effects
of desertification on temporal and spatial distribution of soil macro-
arthropods in Horqin sandy grassland, Inner Mongolia. Geoderma, 223,
62–67. https://doi.org/10.1016/j.geoderma.2014.01.026
Zhao, X. Y., Wang, S. K., Luo, Y. Y., Huang, W. D., Qu, H., & Lian, J. (2015).
Toward sustainable desertification reversion: A case study in Horqin

WANG et al.

Sandy Land of northern China. Sciences in Cold and Arid Regions, 7,
23–28.
Zhao, H. L., Zhao, X. Y., & Zhang, T. H. (2003). Desertification processes and
its restoration mechanisms in the Horqin Sand Land. Beijing, China: Ocean
Press.
Zuo, X. A., Wang, S. K., Lv, P., Zhou, X., Zhao, X. Y., Zhang, T. H., & Zhang, J.
(2016). Plant functional diversity enhances associations of soil fungal
diversity with vegetation and soil in the restoration of semiarid sandy
grassland. Ecology and Evolution, 6, 318–328. https://doi.org/10.1002/
ece3.1875
Zuo, X. A., Zhang, J., Zhou, X., Zhao, X. Y., Wang, S. K., Lian, J., … Knops,
J. (2015). Changes in carbon and nitrogen storage along a restoration
gradient in a semiarid sandy grassland. Acta Oecológica, 69, 1–8.
Zuo, X. A., Zhao, X. Y., Wang, S. K., Li, Y. L., Lian, J., & Zhou, X. (2012).
Influence of dune stabilization on relationship between plant diversity and productivity in Horqin Sand Land, Northern China.
Environmental Earth Sciences, 67, 1547–1556. https://doi.org/10.1007/
s12665-012-1950-2

S U P P O RT I NG I NFO R M AT I O N
Additional Supporting Information may be found online in the supporting information tab for this article.

How to cite this article: Wang S, Zuo X, Zhao X, et al.
Dominant plant species shape soil bacterial community in
semiarid sandy land of northern China. Ecol Evol. 2018;8:
1693–1704. https://doi.org/10.1002/ece3.3746

Table S1. Characteristics of the 5 dominant plant species used in the pot experiment in Horqin Sandy Land, northern China
Plant species

Habitat

Photosynthetic pathway

Life form

Agriophyllum squarrosum (AS)

Shifting dunes

C4

Annual herb

Artemisia halodendro (AH)

Semi-stabilized dunes

C3

Shrub

Setaria viridis (SV)

All habitats

C4

Annual herb

Chenopodium acuminatum (CA)

Stabilized dunes

C4

Annual herb

Corispermum macrocarpum (CM)

Sandy grassland

C3

Annual herb

Table S2. Relative abundance of the predominant bacterial groups based on the 16S rRNA sequences analysis (%). Values less than
0.5% are not listed.
Phylum

Class

Order

CK

AS

AH

SV

CA

CM

Actinobacteria

Actinobacteria

Actinomycetales

25.8

23.5

29.0

25.8

21.1

16.0

Acidimicrobiia

Acidimicrobiales

2.2

1.0

0.6

0.7

1.0

1.1

Thermoleophilia

Solirubrobacterales

1.9

0.7

0.6

0.8

0.9

1.2

Gaiellales

0.7

0.3

0.3

0.3

0.3

0.4

Caulobacterales

0.6

0.5

0.5

1.1

0.4

0.4

Rhizobiales

3.7

4.3

4.9

5.8

5.0

4.9

Rhodobacterales

2.2

3.6

1.8

2.6

2.7

2.4

Rhodospirillales

0.7

0.8

0.9

0.7

0.7

0.8

Sphingomonadales

1.7

1.8

2.0

2.3

3.7

3.4

Proteobacteria

α-proteobacteria

Rickettsiales

0.1

0.6

0.1

0.5

0.7

0.6

Burkholderiales

10.4

12.9

15.0

14.8

16.0

12.2

Methylophilales

0.8

1.1

1.3

0.4

0.6

0.6

Myxococcales

1.3

1.3

0.8

1.1

1.1

1.3

Bdellovibrionales

0.4

0.4

0.5

0.5

0.4

0.5

Pseudomonadales

0.5

1.3

2.1

1.3

0.9

0.8

Xanthomonadales

0.6

1.4

0.6

0.9

0.8

1.1

Saprospirae

Saprospirales

14.2

16.1

15.1

17.2

17.3

23.0

Cytophagia

Cytophagales

5.8

9.8

9.9

7.6

7.3

9.8

Sphingobacteriia

Sphingobacteriales

0.5

0.5

0.8

0.7

0.9

0.7

Bacilli

Bacillales

1.0

0.9

0.7

1.5

1.6

1.1

Lactobacillales

4.2

0.1

0.1

0.1

2.8

0.8

Clostridia

Clostridiales

0.2

0.2

2.0

0.1

0.1

0.1

Pedosphaerae

Pedosphaerales

1.1

1.3

0.5

0.9

0.7

1.0

Spartobacteria

Chthoniobacterales

1.2

0.7

0.5

0.9

0.4

1.0

Verrucomicrobiae

Verrucomicrobiales

0.2

0.3

0.2

0.5

0.2

0.3

Acidobacteria

iii1-15

0.7

0.3

0.2

0.2

0.3

0.4

Chloracidobacteria

RB41

1.3

0.8

0.4

0.6

0.5

0.7

Cyanobacteria

Chloroplast

Streptophyta

0.1

1.0

0.2

1.3

2.7

2.6

Planctomycetes

Planctomycetia

Pirellulales

0.9

1.2

0.3

0.5

0.5

0.6

Gemmatales

0.5

0.6

0.1

0.2

0.2

0.3

Nitrososphaerales

1.4

0.7

0.1

0.2

0.2

0.2

β-proteobacteria
δ-proteobacteria
γ-proteobacteria
Bacteroidetes

Firmicutes

Verrucomicrobia

Acidobacteria

Crenarchaeota

Thaumarchaeota

