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Summary

Root-associated microbiomes play significant roles
in plant productivity, health and ecological services.
However, our current understanding of the microbial
assemblages in the rhizosphere and endosphere of
herbage is still limited. To gain insights into these
microbial assemblages, Illumina MiSeq high-through-
put sequencing was performed to investigate the
characteristics of microbial communities of an her-
bage, Leymus chinensis. Hierarchical clustering
analysis and principal coordinate analysis (PCoA)
results showed that microbial communities of the
rhizosphere and endosphere samples were clearly
distinguished. Rhizosphere soil communities
showed a greater sensitivity than root endosphere
communities using linear discriminant analysis
(LDA) effect size (LEfSe). Rhizosphere and endo-
sphere communities performed their respective func-
tions in the soil as a cohesive collective, and
Rhizobiales were observed to function as general-
ists. Redundancy analysis (RDA) and variance parti-
tioning analysis (VPA) results revealed that the
contribution of the interaction between soil physico-
chemical parameters and soil enzymes was greater
than their individual contributions. In summary, this

study is the first to elucidate the microbial diversity
and community structure of L. chinensis and com-
pare the diversity and composition between rhizo-
spheric and endosphere microbiomes.

Introduction

Land plants grow in soil, which exhibits a high abun-
dance and diversity of microorganisms (Thomashow
et al., 2018; Chen et al., 2019a). Plants and microorgan-
isms have developed close associations to adapt to vari-
ous environmental changes and achieve mutual benefit
(Lee et al., 2019; Li et al., 2020). In these symbiotic rela-
tionships, microorganisms can promote plant growth by
providing phytohormones and nutrients, increasing plant
tolerance to abiotic stress factors and suppressing plant
pathogens (Berendsen et al., 2012; Zhang et al., 2017).
In return, plants can provide photosynthetic products
from root exudates and tissue debris, including a wide
variety of carbon sources, such as secondary metabo-
lites and amino acids (Bais et al., 2004; Philippot et al.,
2013). Therefore, exploring the assembly of the root-as-
sociated microbiomes will improve our ability to harness
these activities to increase the productivity and quality of
cash crops.
Previous studies have used high-throughput sequenc-

ing technology to gain new insights into the microbial
composition and organization of different plant micro-
biomes, including Arabidopsis, maize and rice (Bulgarelli
et al., 2012; Peiffer et al., 2013; Edwards et al., 2015).
Although some studies have reported that the dominant
microorganisms in the endosphere (internal plant tissue)
are much less diverse than those present in the rhizo-
sphere (the soil region influenced by plant roots) by
characterizing the core root microbiome of Arabidopsis
(Bulgarelli et al., 2012; Lundberg et al., 2012; Peiffer
et al., 2013; Schlaeppi et al., 2014), it is unclear whether
the root-associated microbiome of a typical grassland
plant, Leymus chinensis, follows the same pattern. Natu-
rally, we were curious regarding the differences in the
rhizosphere and endosphere microbial community struc-
ture, leading us to explore the characteristics of the bac-
terial and fungal communities of L. chinensis in the
natural environment.
A previous study demonstrated that the rhizosphere

soil located a few millimetres from the roots of plants is
profoundly influenced by plant metabolism (Edwards
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et al., 2015). This phenomenon makes the rhizosphere a
‘hotspot’ environment that results in the corresponding
structural and functional differentiation of the rhizospheric
microbiome from the external environment (Schlaeppi
et al., 2014; Chen et al., 2016). In contrast to the rhizo-
sphere, the endosphere features a highly specific micro-
biome in which the microbial community structure is
relatively stable (Vandenkoornhuyse et al., 2015). Root-
associated microbiomes, including bacterial and fungal
communities, build connected and complex ecological
networks to respond to changes in the external environ-
ment. Additionally, different types of environmental fac-
tors may produce the differences in the degree to which
root-associated microbiomes respond to various environ-
mental changes (Shao et al., 2019).
Based on the findings presented above, we hypothe-

sized that (i) the structure and sensitivity of the rhizo-
spheric and endosphere microbial communities of
L. chinensis may display distinct differences; and (ii) dif-
ferent types of environmental factors may have different
degrees of contribution to root-associated microbiomes.
To test these hypotheses, Illumina MiSeq high-through-
put sequencing was performed to investigate the assem-
bly of the root-associated microbiomes of L. chinensis in
the Xilin Gol Grassland. The potential core microbiomes,
specifically, the biomarkers and generalists of the
enriched bacteria and fungi, were also identified. In addi-
tion, this is the first study to characterize the rhizosphere
and endosphere microbiomes associated with L. chinen-
sis and to correlate them with environmental factors. Our
results bring new insights into the complexity of root-as-
sociated microbiome communities in grassland herbage.

Results

Sequencing results and beta diversity

The 18 composite samples subjected to Illumina MiSeq
high-throughput sequencing assayed in this study gener-
ated 3 146 630 raw reads (including 1 613 703 bacterial
reads, average of 89 650 per sample; and 1 532 927
fungal reads, average of 85 162 per sample). In this
study, 47 683 and 51 051 bacterial and fungal reads per
sample (the least number of sequences detected among
the assayed samples), respectively, were randomly
selected for fair comparisons. The rarefaction curves for
the OTUs of all the samples plateaued and are shown in
Fig. S1, suggesting that the sequencing depth was suffi-
cient and that all the data were reasonable. The highest
richness and diversity were observed in the rhizosphere
samples, which exhibited significantly higher taxonomic
richness (the P values for bacteria and fungi were 0.006
and 0.045 respectively), Chao (the P values for bacteria
and fungi were 0.037 and 0.002 respectively) and Shan-
non (the P values for bacteria and fungi were 0.021 and

0.036 respectively) compared with that observed in the
endosphere samples (Table S1).
We evaluated beta diversity at the OTU level

(OTUs defined at a 97% similarity cut-off). To com-
pare the compositions of identified microbial communi-
ties within different plant compartments, hierarchical
clustering was performed based on Bray–Curtis dis-
similarities at the OTU level. Furthermore, overall sim-
ilarities in microbial community structures among the
samples were displayed using principal coordinate
analysis (PCoA; Fig. 1). Hierarchical clustering of the
bacterial (Fig. 1A) and fungal (Fig. 1B) communities
revealed complete clustering according to plant com-
partment. The rhizosphere and endosphere samples
were clearly distinguished from all the samples
according to their respective plant compartment. This
pattern was recapitulated by PCoA of weighted Uni-
Frac distances. In this study, PCoA was performed to
investigate the separation of the bacterial (Fig. 1C)
and fungal (Fig. 1D) communities between all the
samples. In both the bacterial and fungal PCoAs, the
root-associated microbiomes between the rhizosphere
and endosphere samples separated along the first
principal coordinate, and the rhizosphere and endo-
sphere samples revealed a strong clustering of micro-
bial communities.

Comparison of the microbial community structures and
phylogenetic trees of the core microbiomes

In this study, 25 bacterial phyla were identified, where
the dominant rhizosphere and endosphere phyla (relative
abundance of > 1% in at least in one group) included
Proteobacteria (33.62% and 34.41% respectively), Acti-
nobacteria (21.65% and 20.87% respectively),
Cyanobacteria (17.43% and 19.32% respectively), Aci-
dobacteria (8.21% and 6.99% respectively), Bacteroide-
tes (8.22% and 4.17% respectively), Gemmatimonadetes
(2.17% and 2.85% respectively) and Chloroflexi (2.76%
and 4.51% respectively; Fig. S2a and b). Seven fungal
phyla were identified, where the dominant rhizosphere
and endosphere phyla included Ascomycota (87.07%
and 74.52% respectively), Basidiomycota (5.77% and
16.23% respectively) and Mortierellomycota (3.77% and
0.59% respectively; Fig. S2c and d).
For the microorganisms, we defined the core micro-

biomes as the 100 most abundant genera among all the
samples. Subsequently, a phylogenetic tree was gener-
ated using MEGA (neighbour-joining method, 1000 repli-
cates), and core microbiomes were used to visualize
phylogenetic differences with the iToL tool (Fig. 2). The
percentages of the total bacterial and fungal communi-
ties covered by the core microbiomes were 42.11% and
48.94% in the rhizosphere and 43.99% and 49.04% in
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the endosphere respectively. Eleven bacterial and 5 fun-
gal phyla were identified as members of the core micro-
biomes, with only a few branches having bootstrap
values below 60, indicating a high reliability and good
relationships in the phylogenetic tree. With respect to
bacteria, most of the genera in the core microbiomes
belonged to the phyla Proteobacteria (35 genera), Acti-
nobacteria (25 genera) and Bacteroidetes (14 genera),
with the rest belonging to the phyla Acidobacteria, Gem-
matimonadetes, Cyanobacteria, Firmicutes, Plancto-
mycetes, Chloroflexi, Nitrospirae and Verrucomicrobia.
With respect to fungi, most of the genera in the core
microbiomes were associated with the phyla Ascomycota

(77 genera) and Basidiomycota (19 genera), with the
rest being belonging to the phyla Chytridiomycota,
Mortierellomycota and Glomeromycota.
In addition, we tested the effect of the rhizosphere and

endosphere on the normalized sequence counts of
members of the core microbiomes using ANOVA. We
observed significant plant compartment effects across
most of the identified core microbiomes. In the rhizo-
sphere soil of the bacterial community, we observed a
significant enrichment (P < 0.05) of Lechevalieria
(3.45%), Tychonema_CCAP_1459-11B (1.96%), Pseu-
domonas (1.05%), Promicromonospora (1.12%), Pseu-
doxanthomonas (0.89%) and Flavobacterium (0.59%)

Fig. 1. Microbial community differentiation between all samples from the rhizosphere and endosphere. A, B, Hierarchical clustering of bacterial
(A) and fungal (B) communities showing the Bray–Curtis dissimilarity of the samples. C, D, Principal coordinate analysis (PCoA) of bacterial (C)
and fungal (D) communities based on weighted UniFrac distances between all samples.
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compared with that observed in the endosphere com-
partments. In the bacterial root endosphere community,
Bradyrhizobium (2.83%), Sphingomonas (1.68%),
Acidibacter (1.36%) and Bacillus (0.89%) were signifi-
cantly enriched (P < 0.05) compared with that observed
in the rhizosphere soil. In the rhizosphere soil of the fun-
gal community, a significant enrichment (P < 0.05) in
Darksidea (9.45%), Knufia (3.99%), Mortierella (3.66%),
Exophiala (2.64%), Humicola (2.05%), Pseudogymnoas-
cus (1.96%) and Coprinopsis (1.74%) was observed
compared with that detected in the endosphere compart-
ments. In the fungal root endosphere community, a sig-
nificant enrichment (P < 0.05) in Gibberella (7.68%),
Chaetomium (3.90%), Marasmiellus (3.64%), Minime-
dusa (1.75%), Myrmecridium (1.62%) and Ceratobasid-
ium (1.59%) was observed.

Changes in the relative abundances of biomarkers

The rhizosphere and endosphere communities differed
significantly in diversity and richness (P < 0.05;
Table S1). However, both the rhizosphere and endo-
sphere community compositions were significantly differ-
ent for the bacterial and fungal communities (Fig. 2). In
this study, linear discriminant analysis (LDA) effect size
(LEfSe) analysis was performed to identify microbes as
biomarkers with LDA scores of > 4 (Fig. 3). These
biomarkers showed significant variation in their relative
abundances of core genera and were accompanied by
considerable changes in response to environmental dis-
turbances. As revealed by LEfSe analysis, when com-
pared with the bacterial community (eight clades, one
phyla, one class, one order, two families and three

genera), the fungal communities showed a greater sensi-
tivity in the rhizosphere soil environment (51 clades, one
phyla, four classes, eight orders, 16 families and 22 gen-
era; Fig. S3).
Further analysis revealed that the rhizosphere commu-

nities showed a greater sensitivity to the rhizosphere soil
environment than the endosphere communities for both
the bacterial and fungal communities, as they exhibited
more biomarkers (six biomarkers versus two biomarkers
and 31 biomarkers versus 20 biomarkers respectively).
Specifically, for the bacterial communities, the propor-
tions of Cyanobacteria, Nostocales, Oxyphotobacteria,
Phormidiaceae, Lechevalieria and Tychonema_C-
CAP_1459_11B significantly increased in the rhizo-
sphere compartment, while the proportions of
Xanthobacteraceae and Bradyrhizobium were signifi-
cantly enriched in the endosphere compartment. Regard-
ing the fungal community, the proportions of
Mortierellomycota, Mortierellomycetes, Leotiomycetes,
Eurotiomycetes, Darksidea and Lentitheciaceae were
significantly enriched in the rhizosphere compartment,
while the proportions of Agaricomycetes, Myrmecridi-
aceae, Ceratobasidiaceae, Cantharellales and Omphalo-
taceae were significantly increased in the endosphere
compartment. The most significant taxa in the endo-
sphere compartment were Nectriaceae and Hypocreales,
which had LDA scores of > 5.0.

Co-occurrence patterns between the root-associated
microbiomes

The large number of reads obtained by Illumina MiSeq
high-throughput sequencing technology afforded us the

Fig. 2. Species abundance of the top 100 genera and phylogenetic relationships of bacterial (A) and fungal (B) taxa between rhizosphere and
endosphere samples. The phylogenetic tree is shown at the genus level and coloured at the phylum level. Microbial abundance is indicated in
the outer ring with a shape plot (rhizosphere, green circle; endosphere, red circle). The size of the circle represents the sequence log10 reads
per genus.
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invaluable opportunity to investigate the co-occurrence
patterns within these root-associated microbiomes using
network analysis. The phylogenetic molecular ecological
network (pMEN) analysis is a novel RMT-based frame-
work for studying co-occurrence patterns that has been
used in soil microbial investigations. In the pMEN analy-
sis, the observable association networks between spe-
cies revealed the correlations of core microbiomes (top
100 bacterial and fungal genera; Fig. 4). A node in
pMENs indicates a genus, while a link indicates a co-oc-
currence relationship between two connected nodes.
The RMT threshold of the molecular ecological network
was automatically defined as 0.78, which was higher
than the RMT threshold for the majority of networks con-
structed using this method (Faust and Raes, 2012). As
shown in Table S2, networks with 135 nodes were con-
structed from the root-associated microbiomes, including
68 nodes for bacteria and 67 nodes for fungi. The aver-
age path length (GD), which a value measuring the effi-
ciency of information or mass transport in a network,

was 6.391, indicating that the networks constructed in
the present study had a small-world property. The aver-
age clustering coefficients (avgCC, a value measuring
the extent of a module in a network) of empirical net-
works (0.291) were significantly higher than the values
of corresponding random networks (0.064 � 0.013),
again suggesting the small-world behaviour of the con-
structed networks. Furthermore, the modularity value (M,
a value that indicates how well a network can be divided
into modules) of the empirical networks was 0.649,
which was higher than the values of the corresponding
randomized networks (0.462 � 0.009), suggesting that
the constructed networks were also modular. All these
key topological properties qualified the constructed net-
works for further analysis.
Two hundred sixty-five total links of MENs were

observed, with an observed positive/negative link ratio
(P/N) of 12.95 demonstrating that the root-associated
microbiomes had more positive co-occurrence relation-
ships. The 200 core microbiomes were clustered into 15

Fig. 3. Linear discriminant analysis effect size (LEfSe) of the bacterial (A) and fungal (B) communities with an LDA score higher than 4.0 and P
values less than 0.05. Cladograms indicate the phylogenetic distribution of microbial lineages associated with the plant compartments. Circles
represent phylogenetic levels from kingdom to genus.
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modules (named M1-15), and each module was consid-
ered a functional unit. The abundances of Proteobacteria
and Ascomycota were high in most modules (average
percentages: 17.04% and 40.74% respectively; Fig. 4A).
The two largest modules were M1 and M2, which con-
tained 21.48% (29 nodes) and 18.52% (25 nodes) of the
total number of nodes respectively. The bacterial com-
munities were often tightly clustered and formed whole
modules, such as M1 and M3. Similarly, the fungal com-
munities were also closely clustered, such as M5, M6
and M7. Nevertheless, some modules were composed
of bacterial and fungal communities, such as M2 and
M4.
To investigate the potential topological roles of specific

nodes within the network, nodes were classified accord-
ing to their Zi (within-module connectivity) versus Pi
(among-module connectivity) coefficients (Fig. 4B).
Three nodes (accounting for 2.22% of the total nodes in
the network) were connectors (connected to multiple
modules, Pi ≥ 0.62), while 2 nodes (1.48%) were module
hubs (greatly connected to nodes within their modules,
Zi ≥ 2.5). Five genera were observed to function as gen-
eralists, where Acaulium and RB41 were module hubs
and unclassified_f__Orbiliaceae, Rhodomicrobium and

unclassified_f__Hypocreaceae were Connectors. More-
over, Microvirga members were identified as a network
hub (super generalists).

Relationships between root-associated microbiomes and
environmental factors

Redundancy analysis (RDA) was performed to evaluate
the taxonomic structure of bacterial and fungal communi-
ties and to correlate them with environmental factors
(Fig. 5). In general, samples were grouped by the differ-
ent plant compartments, where the rhizosphere and
endosphere samples separated along axis 1. Interest-
ingly, 66.66% of the total variance in the bacterial com-
munities could be explained by the first and second
axes (Fig. 5A). Furthermore, the first and second axes
together accounted for more than 76% of the total vari-
ance in the fungal communities (Fig. 5B). The RDA
results clearly showed that all evaluated environmental
factors were divided into two groups of explanatory vari-
ables and were subsequently named soil physicochemi-
cal parameters and soil enzymes. To evaluate the
contributions of these two sets of environmental factors,
variance partitioning analysis (VPA) was performed to

Fig. 4. Molecular ecological network analysis revealed the co-occurrence patterns in the root-associated microbiomes. A, Genus modules iden-
tified relationships based on correlation analysis of core microbiomes. B, Z-P plots based on topological roles. The links represent strong asso-
ciations that are significant (***P < 0.001) and strong (Pearson’s r > 0.8), with the red links indicating positive co-occurrence relationships, while
blue links indicate negative co-occurrence relationships. The node colours are classified at the phylum level, and the node sizes corresponded
to the number of reads. The node shapes represent bacterial (ellipse) and fungal (rectangle) communities, with pie charts are characterized by
the proportion of reads in each genus for the rhizosphere (green) and endosphere (red) compartments.
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analyse the effects of the above factors on the root-as-
sociated microbiomes. As shown in Fig. 5C and D, the
contributions of pure soil physicochemical parameters
(including TC, TN, TP, C/N, AP and AN) and pure soil
enzymes (including UR, CAT, SR and ALP) to the taxo-
nomic structures of the bacterial and fungal communities
were 18.34%–15.58% and 23.71%–19.29% respectively.
In contrast, the contribution of the interaction between
soil physicochemical parameters and soil enzymes was
stronger than that of the individual contributions (48.3%
and 46.0% for the bacterial and fungal communities
respectively).

Discussion

Leymus chinensis is an ecologically and economically
important herbage that is widely distributed in the grass-
lands of Inner Mongolia and is a native perennial rhi-
zome grass with prominent forage value and great
palatability (Zhang et al., 2018). However, knowledge
regarding the root microorganisms associated with
L. chinensis remains limited, although root-associated
microbiomes have been extensively studied in other
related plants (Yamamoto et al., 2018; Poudel et al.,
2019; Singer et al., 2019). In addition, the microbial

Fig. 5. Relationships between root-associated microbiomes and environmental factors. a, b, Redundancy analysis (RDA) triplot of bacterial (A)
and fungal (B) communities; the physicochemical parameters are indicated by black arrows, the soil enzymes are indicated by red arrows, cir-
cles with different colours represent different samples, and triangles with different colours correspond to core microbiomes. TC, total carbon;
TN, total nitrogen; TP, total phosphorus; C/N, C/N ratio; AP, available phosphorus; AN, ammonia nitrogen; UR, urease; CAT, catalase; SR,
sucrase; ALP, alkaline phosphatase. C, D, Variance partitioning analysis (VPA) of bacterial (C) and fungal (D) communities explained by soil
physicochemical parameters and soil enzymes.
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community structure of root-associated microbiomes is
different between bacterial and fungal communities, and
this difference depends on the chemical and physical
properties of the soil. To increase our knowledge regard-
ing root-associated microbiomes associated with her-
bage, in this study, we investigated the diversity and
community structure of microorganisms present in the
rhizosphere and endosphere of L. chinensis. The results
of this study showed that rhizosphere soil communities
showed a greater sensitivity than endosphere communi-
ties, with the fungal community being more sensitive
than the bacterial community to soil environment. More-
over, core microbiomes in the rhizosphere and root
endosphere cooperate to form complex networks of spe-
cies interactions, which were affected by multiple driving
factors, that is the interactions between soil physico-
chemical parameters and soil enzymes.
Previous reports have demonstrated that the microbial

community structure of root-associated microbiomes was
affected by the plant compartment (Edwards et al., 2015;
Santos-Medellin et al., 2017; Yamamoto et al., 2018).
Similar results were also obtained for the beta-diversity
analyses in this study. The results of hierarchical cluster-
ing and PCoA showed that the rhizosphere and endo-
sphere samples were clearly distinguished from all
samples according to their respective plant compart-
ments (Fig. 1). These results were also supported by
RDA of the rhizosphere and endosphere samples
divided into two different groups (Fig. 5). The OTUs,
richness and diversity of bacterial and fungal communi-
ties in the rhizosphere from L. chinensis were higher
than those observed in the root endosphere (Table S1).
Root-associated microbiomes have to overcome the
immune defence mechanisms of plants to inhabit the
endosphere compartment, which generally leads to
reduced density and diversity in the microbial communi-
ties compared with that observed in rhizosphere soil
communities (Singer et al., 2019). Previous reports have
also shown that microbial richness and diversity gradu-
ally increase from the root endosphere to the rhizo-
sphere soil and that microbial density is generally lower
in the root endosphere than in the rhizosphere (Hac-
quard et al., 2015; Edwards et al., 2015; Yamamoto
et al., 2018).
In all samples, the dominant bacterial phyla were Pro-

teobacteria, Actinobacteria, Cyanobacteria, Acidobacte-
ria, Bacteroidetes, Gemmatimonadetes and Chloroflexi
(Fig. 1). The bacterial species belonging to Proteobacte-
ria, Actinobacteria, Bacteroidetes and Acidobacteria
could play significant roles in the ecology of L. chinensis,
as these phyla are also dominant in other herbages (Li
and Yang, 2019; Wu et al., 2019; Lu et al., 2019). The
dominant fungal phyla were Ascomycota, Basidiomycota
and Mortierellomycota. Ascomycota has a high species

diversity and fast evolutionary rate and is widely dis-
tributed in various habitats (Wang et al., 2010). Yang
et al. (2019) reported that Basidiomycota could increase
plant productivity and soil nutrients by affecting soil
microbiome compositions in the alpine and temperate
grasslands of China.
Linear discriminant analysis effect size analysis

revealed that rhizosphere soil communities were primarily
dominated by Cyanobacteria, Nostocales, Oxyphotobac-
teria, Mortierellomycetes, Leotiomycetes and Euro-
tiomycetes, which are characteristically isolated from
rhizosphere soil samples (Haichar et al., 2008; Berg and
Smalla, 2009; Gottel et al., 2011; Bulgarelli et al., 2012).
Dominant members of the root endosphere communities
included Xanthobacteraceae, Bradyrhizobium, Agari-
comycetes, Myrmecridiaceae and Ceratobasidiaceae. All
of the above-mentioned taxa have been isolated from a
variety of plant samples, and these species have been
demonstrated to have beneficial effects with respect to
plant growth metabolism and health (Mark et al., 2006;
Delmotte et al., 2009; Fahlgren et al., 2010; Innerebner
et al., 2011). The most significant taxa in the root endo-
sphere communities were Nectriaceae and Hypocreales,
each having an LDA score of > 5.0 (Fig. 3). The family
Nectriaceae (Hypocreales, Sordariomycetes, Pezizomy-
cotina and Ascomycota) includes numerous unique
human and plant pathogens, and the majority of these
species are facultative or obligate plant pathogens, soil-
borne saprobes or exhibit low virulence, while several
members are facultatively fungicolous or insecticolous
(Schroers et al., 2011; Graefenhan et al., 2011; Lombard
et al., 2015). Several species of the family Nectriaceae
have also been reported to be key opportunistic patho-
gens of animals (Guarro, 2013), while others generate
mycotoxins of medical relevance (Rossman, 1996). Myco-
toxins produced by these pathogens in the root endo-
sphere of L. chinensis indirectly protect the host plant
against invasive species and decrease grazing threats by
acting as animal pathogens. Furthermore, these soil-
borne saprobes act as primary colonizers in the plant
endosphere, having an important role in the functional
coupling of grassland ecosystems by decomposing
senescent leaves and young litter (Vacher et al., 2016).
Linear discriminant analysis effect size results showed

more significant changes in the relative abundances of
fungal than bacterial taxa among different samples, indi-
cating that the fungal communities showed a greater
sensitivity in the soil environment. In addition, rhizo-
sphere soil communities showed a greater sensitivity
than root endosphere communities by harbouring more
biomarkers. Compared with fungi, bacteria have a smal-
ler size and a shorter life cycle, making them more sus-
ceptible to disturbances from the external environment
(Alonso-Saez et al., 2006; Van der Grinten et al., 2010;
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Zhang et al., 2020) and leading to their greater sensitiv-
ity. The rhizosphere (i.e. the soil close to the root sur-
face) has the closest and most direct interfaces for the
exchange of resources between the soil environment
and roots (Yu and Hochholdinger, 2018), and is more
susceptible to the soil environment than the endosphere
(i.e. all inner root tissues).
The phylogenetic molecular ecological network

(pMEN) analysis presented that microorganisms had
strong syntrophic relationships, indicating that the rhizo-
sphere and endosphere communities performed their
respective functions in the soil as a cohesive collective
(Fig. 4). In the networks, the number of bacterial and
fungal nodes was almost the same (68 versus 67 nodes
respectively), suggesting that the bacterial and fungal
communities have equal roles in forming a root-associ-
ated interaction network. Proteobacteria and Ascomycota
were present in the majority of modules, suggesting that
Proteobacteria and Ascomycota play a dominant role in
the root-associated microbiomes of L. chinensis. The Z-
P plots showed that RB41 and Acaulium function as
module hubs, and these species have been demon-
strated to have important ecological roles in triggering
resistance or tolerance to toxicity (Wang et al., 2019).
Members of the order Rhizobiales (including the genera
Microvirga and Rhodomicrobium) have been shown to
function as generalists, and Microvirga species are
regarded as super generalists. Rhizobiales (belonging to
the phylum Proteobacteria) species are present in root
nodules and are involved in the nitrogen-cycling network
(Kuypers et al., 2018). The results of several recent
studies have suggested that Rhizobiales also have copi-
otrophic behaviours towards other microbial communities
with respect to soil methane oxidation and phosphate
solubilization (Long et al., 2018; Lin et al., 2018; Lin
et al., 2019). In summary, it is logical that RB41, Acau-
lium, Rhodomicrobium and Microvirga function as gener-
alists in the root-associated microbiomes of L. chinensis.
Taking the above information into account, the struc-

ture of the rhizosphere and root endosphere communi-
ties showed distinct differences. Niche differentiation
occurs between the rhizosphere and root endophyte
microbiomes in natural ecosystems, which can explain
above differences observed in numerous studies (Inceo-
glu et al., 2010; Lundberg et al., 2012; Bulgarelli et al.,
2012; Whitman et al., 2018). In this study, redundancy
analysis (RDA) and variance partitioning analysis (VPA)
were performed to further assess the niche differences
caused by different environmental factors (Fig. 5). A pre-
vious study showed that subtle relationships between
microbial communities and environmental factors influ-
ence microbial community structure and ecosystem-level
processes (Graham et al., 2016). The results showed
that the contribution of the interaction between soil

physicochemical parameters and soil enzymes was
stronger than that of the individual contributions, sug-
gesting that root–soil-associated microbiomes of L. chi-
nensis are affected by multiple driving factors (including
soil physicochemical parameters and soil enzymes). Fur-
ther studies are needed to assess the mechanisms
associated with the interaction of these environmental
factors in the root-associated microbiomes of L. chinen-
sis to develop its potential for practical application and
improve its productivity and quality.

Conclusions

In the root-associated microbiomes of L. chinensis, the
sensitivity of the fungal community was higher than that of
the bacterial community, and rhizosphere soil communi-
ties showed a greater sensitivity than root endosphere
communities. Rhizobiales members were observed to
function as generalists in the root-associated interaction
network, and the rhizosphere and endosphere communi-
ties performed their respective functions in the soil as a
cohesive collective. Moreover, root–soil-associated micro-
biomes of L. chinensis were significantly affected by the
interaction of soil physicochemical parameters and soil
enzymes. This information promotes a better understand-
ing of plant–microbe relationships and could be used to
further improve the productivity and quality of herbage.

Experimental procedures

Study site and sample collection

Sampling was performed at Xilin Gol (42°320–46°410N,
111°590–120°E), Inner Mongolia Autonomous Region,
China. Xilin Gol has a continental monsoon climate, with a
mean annual temperature of 2°C and a mean annual pre-
cipitation of 295 mm (Hao et al., 2019; Chen et al., 2020).
The climate of this region is characterized by drought,
strong winds and cold temperatures. The terrain of Xilin
Gol is low in the north and high in the south, with elevation
gently increasing from 900 to 1000 m in the north-west to
1500 to 2000 m in the south-east (Li and Yang, 2014).
The soil types are primarily chestnut soil, aeolian sandy
soil, meadow soil and chernozem. Vegetation primarily
includes xeric grasses, such as Stipa grandis P. Smirn,
Stipa krylovii Roshev, Cleistogenes squarrosa Keng and
L. chinensis. Leymus chinensis, is naturally and widely
distributed in the Xilin Gol Steppe, which has no obvious
environmental gradients (Wang et al., 2016).

Soil sample collection and analysis

In July 2017, 60 healthy individual L. chinensis were col-
lected from three random sampling sites across the area
(> 10 km apart from each other, 20 plants per sampling
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site), and rhizosphere soil and root endosphere samples
were collected as previously Edwards et al. (2015). In
brief, roots were collected from L. chinensis, and soil
was shaken off the roots to leave ~ 1 mm of soil around
the roots. Subsequently, the ~ 1 mm of soil was washed
off in PBS buffer and maintained as the rhizosphere
compartment. The roots were then washed thrice to
remove the remaining soil and placed into fresh PBS in
a 50-ml Falcon tube. The clean roots were then soni-
cated thrice, after which the PBS in the tube was dec-
anted and refilled with fresh PBS to maintain the
endosphere compartment. Twenty samples were col-
lected from each sampling site and eventually mixed
together to form three composite samples, i.e. 120 sam-
ples were mixed into 9 rhizosphere samples and nine
corresponding endosphere samples. Then, these rhizo-
sphere and endosphere compartments were retained to
extract the microbes. In addition, to investigate the effect
of the soil physicochemical parameters and enzymes on
microbial communities, we collected bulk soil using a
uniform sampling protocol after sieving (< 4 mm). The
chemical analysis of the bulk soil is described in the
Appendix S1.

DNA extraction, PCR amplification and Illumina
sequencing

Rhizosphere soils and plant roots (0.5 g) were used for
DNA extraction using a PowerSoil DNA Isolation Kit (Mo
Bio Laboratories, Carlsbad, CA, USA) according to the
manufacturer’s instructions in triplicate and were subse-
quently pooled. The quality and quantity of the extracted
DNA were assessed using a NanoDrop 1000 spec-
trophotometer (Thermo Scientific, Wilmington, DE, USA).
To generate bacterial and fungal libraries, universal

16S rRNA gene primers (515F: 50-GTGCCAGCMGCCGC
GGTAA-30 and 806R: 50-GGACTACHVGGGTWTCTAAT0)
and ITS region primers (ITS1F: 50-CTTGGTCATTTA-
GAGGAAGTAA-30 and ITS2R: 50-GCTGCGTTCTTCATC-
GATGC-30) were used for bacteria (Parada et al., 2016)
and fungi (Adams et al., 2013) respectively. All primers
were tagged with an adaptor, a pad and a linker, with a
unique barcode sequence used for each sample. The
final amplicons were quantified using an AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, Union City, CA,
USA) after being detected on 2% (w/v) agarose gels.
Equal amounts of purified amplicons were pooled for sub-
sequent sequencing at Allwegene (Beijing, China) using
the Illumina MiSeq platform. The Illumina sequences were
deposited in the NCBI Sequence Read Archive (acces-
sion numbers SRR10807915–SRR10807932 for the bac-
terial 16S rRNA gene data and SRR10807957–
SRR10807974 for the fungal ITS rRNA gene data.).

Bioinformatics workflow

The sequences obtained from the MiSeq platform were
processed using the UPARSE pipeline (Edgar, 2013).
The raw sequences were re-assigned according to their
barcodes and were quality-trimmed using MOTHUR 1.32.2
(Schloss et al., 2009), where chimeric sequences were
removed using the UCHIME de novo algorithm. Subse-
quently, the remaining high-quality sequences were clus-
tered into operational taxonomic units (OTUs) using the
UPARSE algorithm, setting a distance limit of 0.03
(equivalent to 97% similarity) using the open-reference
OTU picking protocol. A representative sequence was
aligned using the Python Nearest Alignment Space Ter-
mination (PyNAST) against sequences within the SILVA
database for bacteria and the Unite database for fungi.
The OTUs affiliated with chloroplasts were subsequently
removed from the bacterial OTU table, and OTUs that
were assigned to non-fungi, including plant and proto-
zoa, were removed from the fungal OTU table. The
sequencing depth for each sample was estimated using
rarefaction curves. The effects of sampling on diversity
were corrected by rarifying the sequence numbers of
each sample to that of the sample with the lowest num-
ber of reads (1 613 703 reads for bacteria and
1 532 927 reads for fungi), and three indices, including
number of OTUs, Chao and Shannon, were subse-
quently calculated using MOTHUR (version 1.29.1;
www.mothur.org). Based on these data, microbial diver-
sity was estimated using the Shannon index, and micro-
bial richness was estimated using the Chao index.

Statistical analyses

Statistical analyses in this study were performed using R

3.2.4 (R Core Team, 2016). The data were analysed by
one-way analysis of variance (ANOVA) using SPSS 25.0
(*P < 0.05, **P < 0.01 and ***P < 0.001 were consid-
ered to be significant). All statistical analyses were per-
formed on natural logarithm (log10)-transformed data to
normalize abnormally distributed data. The Bray–Curtis
dissimilarity matrix for cluster analysis was analysed
using the function ‘vegdist’ in the vegan R package on
OTU relative abundances. A phylogenetic tree was gen-
erated using MEGA-X and displayed with the Interactive
Tree of Life (ITOL, http://itol.embl.de). The linear discrimi-
nant analysis (LDA) effect size (LEfSe) method (http://hut
tenhower.sph.harvard.edu/lefse/) was used to detect
potential biomarkers at multiple taxonomical levels with
an LDA score threshold of > 4.0 and an alpha value for
the factorial Kruskal–Wallis test of 0.05. Molecular eco-
logical networks were constructed (Faust and Raes,
2012), where in which the top 100 genera acted as
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nodes and correlations connecting two genera acted as
edges in the network. The role of each genus in the net-
work was characterized by its among-module connectivity
(Pi) and within-module connectivity (Zi). According to the
simplified criteria, all genera were sorted into four subcat-
egories, including network hubs, connectors, module
hubs and peripherals. Phylogenetic molecular ecological
network (pMENs, http://ieg4.rccc.ou.edu/mena/) analysis
was performed to obtain all of the network indexes, and
networks were visualized using CYTOSCAPE (version 3.7.1).
Principal coordinate analysis (PCoA), redundancy analy-
sis (RDA) and variance partitioning analysis (VPA) were
performed using CANOCO 5.0 (Wei et al., 2018; Zhang
et al., 2019; Chen et al., 2019b; Wei et al., 2020).

Acknowledgements

All authors are grateful to reviewers and the editor for
their insightful comments and suggestions on this manu-
script. This work was supported by the State Key
Research Development Program of China (grant no.
2016YFC0501106), National Natural Science Foundation
of China (grant no. 31760005) and Science and Tech-
nology Major Project of Inner Mongolia Autonomous
Region of China (grant no. zdzx2018065).

Conflict of interest

The authors declare no conflict of interest.

References

Adams, R.I., Miletto, M., Taylor, J.W., and Bruns, T.D.
(2013) Dispersal in microbes: fungi in indoor air are domi-
nated by outdoor air and show dispersal limitation at short
distances. ISME J 7: 1262–1273.

Alonso-Saez, L., Gasol, J.M., Lefort, T., Hofer, J., and Som-
maruga, R. (2006) Effect of natural sunlight on bacterial
activity and differential sensitivity of natural bacterioplank-
ton groups in northwestern Mediterranean coastal waters.
Appl Environ Microbiol 72: 5806–5813.

Bais, H.P., Park, S.W., Weir, T.L., Callaway, R.M., and
Vivanco, J.M. (2004) How plants communicate using the
underground information superhighway. Trends Plant Sci
9: 26–32.

Berendsen, R.L., Pieterse, C.M.J., and Bakker, P.A.H.M.
(2012) The rhizosphere microbiome and plant health.
Trends Plant Sci 17: 478–486.

Berg, G., and Smalla, K. (2009) Plant species and soil type
cooperatively shape the structure and function of micro-
bial communities in the rhizosphere. FEMS Microbiol Ecol
68: 1–13.

Bulgarelli, D., Rott, M., Schlaeppi, K., van Themaat, E.V.L.,
Ahmadinejad, N., Assenza, F., et al. (2012) Revealing
structure and assembly cues for Arabidopsis root-inhabit-
ing bacterial microbiota. Nature 488: 91–95.

Chen, L., Brookes, P.C., Xu, J., Zhang, J., Zhang, C., Zhou,
X., et al. (2016) Structural and functional differentiation of
the root-associated bacterial microbiomes of perennial
ryegrass. Soil Biol Biochem 98: 1–10.

Chen, L., Fang, K., Zhou, J., Yang, Z.P., Dong, X.F., Dai,
G.H., et al. (2019a) Enrichment of soil rare bacteria in root
by an invasive plant Ageratina adenophora. Sci Total
Environ 683: 202–209.

Chen, X.M., Zhao, X.Y., Ge, J., Zhao, Y., Wei, Z.M., Yao,
C., et al. (2019b) Recognition of the neutral sugars con-
version induced by bacterial community during lignocel-
lulose wastes composting. Bioresour Technol 294:
122153.

Chen, J., Mo, L., Zhang, Z.C., Nan, J., Xu, D.L., Chao, L.M.,
et al. (2020) Evaluation of the ecological restoration of a
coal mine dump by exploring the characteristics of micro-
bial communities. Appl Soil Ecol 147: 103430.

Delmotte, N., Knief, C., Chaffron, S., Innerebner, G., Ros-
chitzki, B., Schlapbach, R., et al. (2009) Community pro-
teogenomics reveals insights into the physiology of
phyllosphere bacteria. Proc Natl Acad Sci U S A 106:
16428–16433.

Edgar, R.C. (2013) UPARSE: highly accurate OTU
sequences from microbial amplicon reads. Nat Methods
10: 996–998.

Edwards, J., Johnson, C., Santos-Medellin, C., Lurie, E.,
Podishetty, N.K., Bhatnagar, S., et al. (2015) Structure,
variation, and assembly of the root-associated micro-
biomes of rice. Proc Natl Acad Sci U S A 112: 911–920.

Fahlgren, C., Hagstrom, A., Nilsson, D., and Zweifel, U.L.
(2010) Annual variations in the diversity, viability, and origin
of airborne bacteria. Appl Environ Microbiol 76: 3015–3025.

Faust, K., and Raes, J. (2012) Microbial interactions: from
networks to models. Nat Rev Microbiol 10: 538–550.

Gottel, N.R., Castro, H.F., Kerley, M., Yang, Z., Pelletier,
D.A., Podar, M., et al. (2011) Distinct microbial communi-
ties within the endosphere and rhizosphere of Populus
deltoides roots across contrasting soil types. Appl Environ
Microbiol 77: 5934–5944.

Graefenhan, T., Schroers, H.J., Nirenberg, H.I., and Seifert,
K.A. (2011) An overview of the taxonomy, phylogeny, and
typification of nectriaceous fungi in Cosmospora, Acremo-
nium, Fusarium, Stilbella, and Volutella. Stud Mycol 68:
79–113.

Graham, E., Knelman, J., Schindlbacher, A., Siciliano, S.,
Breulmann, M., Yannarell, A., et al. (2016) Microbes as
engines of ecosystem function: when does community
structure enhance predictions of ecosystem processes?
Front Microbiol 7: 214.

Guarro, J. (2013) Fusariosis, a complex infection caused by
a high diversity of fungal species refractory to treatment.
Eur J Clin Microbiol Infect Dis 32: 1491–1500.

Hacquard, S., Garrido-Oter, R., Gonzalez, A., Spaepen, S.,
Ackermann, G., Lebeis, S., et al. (2015) Microbiota and
host nutrition across plant and animal kingdoms. Cell
Host Microbe 17: 603–616.

Haichar, F.e.Z., Marol, C., Berge, O., Rangel-Castro, J.I.,
Prosser, J.I., Balesdent, J., et al. (2008) Plant host habitat
and root exudates shape soil bacterial community struc-
ture. ISME J 2: 1221–1230.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1390–1402

1400 J. Chen et al.

http://ieg4.rccc.ou.edu/mena/


Hao, R., Yu, D., Sun, Y., and Shi, M. (2019) The features
and influential factors of interactions among ecosystem
services. Ecol Indic 101: 770–779.

Inceoglu, O., Salles, J.F., Van Overbeek, L., and Van Elsas,
J.D. (2010) Effects of plant genotype and growth stage on
the betaproteobacterial communities associated with dif-
ferent potato cultivars in two fields. Appl Environ Microbiol
76: 3675–3684.

Innerebner, G., Knief, C., and Vorholt, J.A. (2011) Protection
of Arabidopsis thaliana against leaf-pathogenic Pseu-
domonas syringae by Sphingomonas strains in a controlled
model system. Appl Environ Microbiol 77: 3202–3210.

Kuypers, M.M.M., Marchant, H.K., and Kartal, B. (2018) The
microbial nitrogen-cycling network. Nat Rev Microbiol 16:
263–276.

Lee, S.A., Kim, Y., Kim, J.M., Chu, B., Joa, J.H., Sang,
M.K., et al. (2019) A preliminary examination of bacterial,
archaeal, and fungal communities inhabiting different rhi-
zocompartments of tomato plants under real-world envi-
ronments. Sci Rep 9: 1.

Li, H., and Yang, X. (2014) Temperate dryland vegetation
changes under a warming climate and strong human
intervention - with a particular reference to the district Xilin
Gol, Inner Mongolia, China. Catena 119: 9–20.

Li, J., and Yang, C. (2019) Inconsistent response of soil
bacterial and fungal communities in aggregates to litter
decomposition during short-term incubation. PeerJ 7:
e8078.

Li, X.L., Ye, L., Zhang, X.P., Tan, H., and Li, Q. (2020) Root-
tip cutting and uniconazole treatment improve the coloniza-
tion rate of Tuber indicum on Pinus armandii seedlings in
the greenhouse. Microb Biotechnol 13: 535–547.

Lin, Y., Ye, G., Liu, D., Ledgard, S., Luo, J., Fan, J., et al.
(2018) Long-term application of lime or pig manure rather
than plant residues suppressed diazotroph abundance
and diversity and altered community structure in an acidic
Ultisol. Soil Biol Biochem 123: 218–228.

Lin, Y., Ye, G., Kuzyakov, Y., Liu, D., Fan, J., and Ding, W.
(2019) Long-term manure application increases soil
organic matter and aggregation, and alters microbial com-
munity structure and keystone taxa. Soil Biol Biochem
134: 187–196.

Lombard, L., Van der Merwe, N.A., Groenewald, J.Z., and
Crous, P.W. (2015) Generic concepts in Nectriaceae.
Stud Mycol 80: 189–245.

Long, X.E., Yao, H., Huang, Y., Wei, W., and Zhu, Y.G.
(2018) Phosphate levels influence the utilisation of rice
rhizodeposition carbon and the phosphate-solubilising
microbial community in a paddy soil. Soil Biol Biochem
118: 103–114.

Lu, J., Dijkstra, F.A., Wang, P., and Cheng, W. (2019)
Roots of non-woody perennials accelerated long-term soil
organic matter decomposition through biological and
physical mechanisms. Soil Biol Biochem 134: 42–53.

Lundberg, D.S., Lebeis, S.L., Paredes, S.H., Yourstone, S.,
Gehring, J., Malfatti, S., et al. (2012) Defining the core
Arabidopsis thaliana root microbiome. Nature 488: 86–94.

Mark, G.L., Morrissey, J.P., Higgins, P., and O’Gara, F.
(2006) Molecular-based strategies to exploit Pseu-
domonas biocontrol strains for environmental biotechnol-
ogy applications. FEMS Microbiol Ecol 56: 167–177.

Parada, A.E., Needham, D.M., and Fuhrman, J.A. (2016)
Every base matters: assessing small subunit rRNA pri-
mers for marine microbiomes with mock communities,
time series and global field samples. Environ Microbiol
18: 1403–1414.

Peiffer, J.A., Spor, A., Koren, O., Jin, Z., Tringe, S.G.,
Dangl, J.L., et al. (2013) Diversity and heritability of the
maize rhizosphere microbiome under field conditions.
Proc Natl Acad Sci U S A 110: 6548–6553.

Philippot, L., Raaijmakers, J.M., Lemanceau, P., and Van
der Putten, W.H. (2013) Going back to the roots: the
microbial ecology of the rhizosphere. Nat Rev Microbiol
11: 789–799.

Poudel, R., Jumpponen, A., Kennelly, M.M., Rivard, C.L.,
Gomez-Montano, L., and Garrett, K.A. (2019) Rootstocks
shape the Rhizobiome: rhizosphere and endosphere bac-
terial communities in the grafted tomato system. Appl
Environ Microbiol 85: 2.

R Core Team (2016) R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for
Statistical Computing.

Rossman, A.Y. (1996) Morphological and molecular per-
spectives on systematics of the Hypocreales. Mycologia
88: 1–19.

Santos-Medellin, C., Edwards, J., Liechty, Z., Bao, N., and
Sundaresan, V. (2017) Drought stress results in a com-
partment-specific restructuring of the rice root-associated
microbiomes. MBio 8: 4.

Schlaeppi, K., Dombrowski, N., Oter, R.G., Van Themaat,
E.V.L., and Schulze-Lefert, P. (2014) Quantitative diver-
gence of the bacterial root microbiota in Arabidopsis thali-
ana relatives. Proc Natl Acad Sci U S A 111: 585–592.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hart-
mann, M., Hollister, E.B., et al. (2009) Introducing mothur:
open-source, platform-independent, community-supported
software for describing and comparing microbial commu-
nities. Appl Environ Microbiol 75: 7537–7541.

Schroers, H.J., Graefenhan, T., Nirenberg, H.I., and Seifert,
K.A. (2011) A revision of Cyanonectria and Geejayessia
gen. nov., and related species with Fusarium-like ana-
morphs. Stud Mycol 68: 115–138.

Shao, P., Liang, C., Rubert-Nason, K., Li, X., Xie, H., and
Bao, X. (2019) Secondary successional forests undergo
tightly-coupled changes in soil microbial community struc-
ture and soil organic matter. Soil Biol Biochem 128: 56–65.

Singer, E., Bonnette, J., Woyke, T., and Juenger, T.E.
(2019) Conservation of endophyte bacterial community
structure across two panicum grass species. Front Micro-
biol 10: 2181.

Thomashow, L.S., Letourneau, M.K., Kwak, Y.S., and
Weller, D.M. (2018) The soil-borne legacy in the age of
the holobiont. Microb Biotechnol 12: 51–54.

Vacher, C., Hampe, A., Porte, A.J., Sauer, U., Compant, S.,
and Morris, C.E. (2016) The Phyllosphere: microbial jun-
gle at the plant-climate interface. In D. J. Futuyma (Ed.),
Annu Rev Ecol Evol Syst 47: 1–24.

Van der Grinten, E., Pikkemaat, M.G., Van den Brandhof,
E.J., Stroomberg, G.J., and Kraak, M.H.S. (2010) Com-
paring the sensitivity of algal, cyanobacterial and bacterial
bioassays to different groups of antibiotics. Chemosphere
80: 1–6.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1390–1402

Rhizosphere and endosphere of L. chinensis 1401



Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van,
A., and Dufresne, A. (2015) The importance of the micro-
biome of the plant holobiont. New Phytol 206: 1196–1206.

Wang, H., Guo, S., Huang, M., Thorsten, L.H., and Wei, J.
(2010) Ascomycota has a faster evolutionary rate and
higher species diversity than Basidiomycota. Sci China
Life Sci 53: 1163–1169.

Wang, H., Zhou, S., Li, X., Liu, H., Chi, D., and Xu, K.
(2016) The influence of climate change and human activi-
ties on ecosystem service value. Ecol Eng 87: 224–239.

Wang, M., Chen, S., Chen, L., and Wang, D. (2019)
Responses of soil microbial communities and their net-
work interactions to saline-alkaline stress in Cd-contami-
nated soils. Environ Pollut 252: 1609–1621.

Wei, Y.Q., Zhao, Y., Lu, Q., Cao, Z.Y., and Wei, Z.M.
(2018) Organophosphorus-degrading bacterial community
during composting from different sources and their roles
in phosphorus transformation. Bioresour Technol 264:
277–284.

Wei, Y.Q., Zhao, Y., Zhao, X.Y., Gao, X.T., Zheng, Y.S.,
Zuo, H.D., and Wei, Z.M. (2020) Roles of different humin
and heavy-metal resistant bacteria from composting on
heavy metal removal. Bioresour Technol 296: 122375.

Whitman, T., Neurath, R., Perera, A., Ilexis, C.J., Ning, D.,
Zhou, J.Z., et al. (2018) Microbial community assembly
differs across minerals in a rhizosphere microcosm. Envi-
ron Microbial 20: 4444–4460.

Wu, H., Lu, L., Zhang, Y., Xu, C., Yang, H., Zhou, W., et al.
(2019) Sediment addition and legume cultivation result in
sustainable, long-term increases in ecosystem functions
of sandy grasslands. Land Degrad Dev 30: 1667–1676.

Yamamoto, K., Shiwa, Y., Ishige, T., Sakamoto, H., Tanaka,
K., Uchino, M., et al. (2018) Bacterial diversity associated
with the rhizosphere and endosphere of two halophytes:

Glaux maritima and Salicornia europaea. Front Microbiol
9: 2878.

Yang, C., Li, J., Liu, N., and Zhang, Y. (2019) Effects of
fairy ring fungi on plants and soil in the alpine and tem-
perate grasslands of China. Plant Soil 441: 499–510.

Yu, P., and Hochholdinger, F. (2018) The role of host
genetic signatures on root-microbe interactions in the rhi-
zosphere and endosphere. Front Plant Sci 9: 1896.

Zhang, Y., Xu, J., Riera, N., Jin, T., Li, J., and Wang, N.
(2017) Huanglongbing impairs the rhizosphere-to-rhizo-
plane enrichment process of the citrus root-associated
microbiome. Microbiome 5: 97.

Zhang, F., Huo, Y., Xu, X., Hu, J., Sun, X., Xiao, Y., et al.
(2018) Trichoderma improves the growth of Leymus chi-
nensis. Biol Fertil Soils 54: 685–696.

Zhang, Z.C., Zhao, Y., Yang, T.X., Wei, Z.M., Li, Y.J., Wei,
Y.Q., et al. (2019) Effects of exogenous protein-like pre-
cursors on humification process during lignocellulose-like
biomass composting: amino acids as the key linker to
promote humification process. Bioresour Technol 291:
121882.

Zhang, F., Zhang, H., Yuan, Y., Liu, D., Zhu, C.Y., Zheng,
D., et al. (2020) Different response of bacterial community
to the changes of nutrients and pollutants in sediments
from an urban river network. Front Env Sci Eng 14: 2.

Supporting information

Additional supporting information may be found online in
the Supporting Information section at the end of the
article.
Appendix S1. Supplementary material.

ª 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd, Microbial
Biotechnology, 13, 1390–1402

1402 J. Chen et al.


