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Simple Summary: Soil degradation accompanied by agricultural intensification is threatening the
existence of dryland areas globally. However, improvement in soil quality in these areas through
plant restoration has been greatly successful. Under this practice, soil microorganisms, especially
keystone taxa, exert positive feedback on soil bio-functionality by recycling nutrients. Nevertheless,
to date, it remains unclear as to how similar are the changes in these keystone taxa in dryland barren
soils and agricultural soils, with comparison perspective. The earlier longer-term experiments in
Loess soils have shown profound positive effects of plant restoration and establishment of more
complex soil microbial networks in the presence of higher nutrient accumulation. The current work
shows more keystone taxa that tend to exist in rehabilitated conditions when compared to their
agricultural soil counterparts.

Abstract: Drylands provide crucial ecosystem and economic services across the globe. In barren
drylands, keystone taxa drive microbial structure and functioning in soil environments. In the current
study, the Chinese Loess plateau’s agricultural (AL) and twenty-year-old rehabilitated lands (RL)
provided a unique opportunity to investigate land-use-mediated effects on barren soil keystone
bacterial and fungal taxa. Therefore, soils from eighteen sites were collected for metagenomic
sequencing of bacteria specific 16S rRNA and fungi specific ITS2 regions, respectively, and to conduct
molecular ecological networks and construct microbial OTU-based correlation matrices. In RL soils
we found a more complex bacterial network represented by a higher number of nodes and links, with
a link percentage of 77%, and a lower number of nodes and links for OTU-based fungal networks
compared to the AL soils. A higher number of keystone taxa was observed in the RL (66) than in the
AL (49) soils, and microbial network connectivity was positively influenced by soil total nitrogen and
microbial biomass carbon contents. Our results indicate that plant restoration and the reduced human
interventions in RL soils could guide the development of a better-connected microbial network and
ensure sufficient nutrient circulation in barren soils on the Loess plateau.
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1. Introduction

Nearly 40% of the global terrestrial surface is covered by drylands which conscript a
range of benefits that ecosystems cater to societies across the globe [1]. However, on the
planetary scale, soil degradation accompanied by agricultural intensification is threatening
the existence of drylands [2]. Moreover, severe soil degradation has caused dramatic loss
of ecosystem services such as water filtration, wind prevention, and sand fixation, etc.,
thereby further accelerating soil degradation via erosion and poor vegetation cover [3–5].
To support sustainable development, soil rehabilitation of eroded land has attracted consid-
erable interest worldwide [6,7]. Ecological restoration (revegetation for plant community
development) is a largely accepted soil rehabilitation strategy due to its positive effects
on soil physical structure, soil organic matter (SOM) accumulation, and so optimizing
the existent ecosystem services [8,9]. Land rehabilitation includes vegetation recovery in
barren soils and land-use transformation from crop lands to artificial forests, grasslands, or
shrub lands [10–12]. In China, since 1999, over seven million hectares of cultivated lands
have been rehabilitated with improvements in overall soil qualities including nutrients (i.e.,
available phosphorus, soil nitrogen, and soil organic carbon), enzyme activities, as well as
microbial biomass [13–16]. These interventions have further contributed to enhancing the
diversity and community structure of the soils’ microbial communities.

Apparently, changes in land use can also induce changes in microbial phyla. For
instance, some Proteobacteria are copiotrophic, and their incidence correlates with in-
creased soil C and N contents after revegetation [17–19]. On the other hand, 30 years of
land restoration in the Loess plateau showed a significant effect on soil properties and
soil nutrient cycle [13]. Agricultural management practices such as stubble retention or
reduced tillage lead to retention of cellulose and chitin-like residues in soils which are
preferentially decomposed more efficiently primarily by fungal members belonging to
Chytridiomycota [20–22] in comparison to other fungi such as the Agaricomycetes and
or Pezizomycetes from Ascomycota and Basidiomycota fungal phyla. Soil microbiomes
are fundamental to successful ecological restoration due to their ability to regulate nutri-
ent cycling and maintain biogeochemical processes [23,24], which in turn are potential
indicators of soil bio-functioning. Keystone taxa affect many microbial associations which
further drive changes in soil microenvironment along with other physicochemical factors
governing the same [25–27]. Moreover, keystone taxa highlight any shifts in microbial
community structure and the associated compositional turnover [28].

Network analysis of microbe-microbe interactions can reveal details in microbial com-
munity complexities and identify ‘keystone taxa‘ which drive community composition
and function, irrespective of their abundance in the soil matrix. Several studies conclude
that changes in land use affect changes in soil microbial communities and their respec-
tive keystone taxa [29,30]. For example, the keystone microbes significantly increased in
vegetation-restored soils in comparison to the degraded bare lands [29], portraying an
effective strategy for the restoration of degraded croplands. Likewise, more stable and
complex microbial networks with greater number of keystone taxa were detected in the
forest ecosystems when compared to the arable soils in the Loess region. Moreover, these
keystone taxa have versatile functions in C and N elemental cycling and perform key roles
in sustainable ecological systems [26]. However, similar studies for dryland systems are
limited, and very few studies to date have quantified dryland microbial keystone species
in a network guild in combination with comprehensive soil microbiome analyses using
high-throughput metagenomic DNA sequencing approach.

The arid to semi-arid Chinese Loess Plateau (CLP) provides a unique study location
for longer term soil restoration in the field and can inform management practices across
global drylands that form the largest terrestrial biome on earth. In this regard, coupled with
increasing temperature, climate change will increase aridity, which in turn is envisioned
to result in a decline or suppression of microbial abundance and activity in soils [31,32].
Therefore, although China’s Grain for Green (GFG) initiative was initially implemented to
address pressing environmental problems such as land restoration in China, it has over
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the years garnered crucial global implications. With the development of the GFG, land
use structure on the CLP has been converted drastically [33,34] and the majority of CLP
land cover has been designated as rehabilitated lands (RL) or as agricultural lands (AL).
The present study avails the benefits of the GFG initiative to study the effects of changes
in land management practices on soil microbiomes and the keystone taxa in soils across
dryland landscapes that have been restored and managed over the past twenty years.

Soils of the Chinese Loess Plateau have been part of several assessments [3–5] and long-
term studies [14,29] that investigated the effects of anthropogenic interference on ecosystem
properties. Nonetheless, simultaneous exploration of both the soil microbiome, and the
integral keystone taxa to reflect microbial network properties is still limited, which could
be a great resource for future studies. The soil properties and microbial communities are
interlinked [35,36] and therefore in our H1 hypothesis we expect significant variations in the
microbial diversity and community composition between the RL and the AL land-use type
soils. Carbon through differential input land, and likewise the other important nutrients
such as the N, P, S are accumulated differently in the diverse vegetative habitats/land-
use types. In the AL land-use type, soil microbes have substrate-competitive pressure
due to constantly anthropogenic nutrients inputs [37]. Whereas, in RL, without artificial
disturbances, soil nutrients accumulate more naturally and there is higher C input in the RL
soils as generally seen in the forest ecosystems [27,38] and hence the microbial-mediated
nutrient build-up, especially for bacterial microbiota, as soil bacteria are regarded as more
important mediators for rapid nutrient cycle [39]. Moreover, during forest ecosystem
recovery, bacterial community interactions were complex whereas the fungal networks
were seen to be relatively simpler and more isolated [40,41]. Based on these understandings,
in our second hypothesis (H2) we expect a more complex and cooperative bacterial network
in rehabilitated land (RL), along with more keystone taxa and richer functional modules.

2. Materials and Methods
2.1. Site Description

In the northern part, the Grain for Green (GFG) initiative led to the development of
various land-use patterns. For instance, in the Ziwuling forest belt of the Ansai county
and the Liandaowan town, many previously uncultivable hilly slope farmlands are being
revegetated as grasslands, shrub lands, and forest lands [38,42–44] forming a cluster of
rehabilitated lands (RL). Consequently, immense improvement in the soil quality was
noted in these RL clusters. In the southern part of the Loess plateau such as the Weibei
upland, Guanzhong plain and Luochuan tableland, wide-spread agricultural lands (AL)
(34◦18′–35◦50′ N; Table S1) prominently grow Malus pumila, Zea mays, Amygdalus persica
and Pyrus spp. [45,46]. Large areas of M. pumila have been cultivated for a period of
approximately twenty years with high crop turnover. Beside M. pumila, A. persica and P.
spp. were the other two local economically important plants [45,46]. Z. mays is usually
cultivated as the main crop. The climate is arid and semi-arid with low precipitation
and agriculturally used soils facing high evaporation rates. These soils are moderate
saline-alkali and characterized by a high pH (7.7–8.5) and salt content (averaged 514;
Table S1). The accustomed fertilization practices of local farmers include the application
of organic fertilizer and high-efficiency compound fertilizer (three nutrients compound
N, P, K) fertilizer [47–49]. In compliance with the GFG (year 1999 to 2019) in the Loess
hilly regions [42], large areas of slopes or hilly farmlands have been re-vegetated to form
rehabilitated land (RL) areas since 1999, and tree species such as Pinus tabuliformis, Betula
platyphylla, Artemisia gmelinii, Caragana Korshinskii, Robinia pseudoacacia, Bothriochloa spp.,
Artemisia scoparia, Stipa grandis have been grown. At both the AL (agricultural land) and
the RL (rehabilitated land), nine sites were selected at the landscape scale in the Chinese
Loess Plateau. All soils were collected during the non-fertilizer application period from
June to July 2018. To minimize spatial heterogeneity and capture soil variation, at each
site six soil cores were used in each of the three subplots (20 × 20 m, distance between
the subplot is 100 m), to randomly collect soil (using a drill size of 20 cm length and 2 cm
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diameter). Soils from the cores were bulked and sieved using <2 mm mesh to obtain
a composite sample of >100 g. From this, a 10 g subsample was immediately wrapped
in aluminum foil, quenched with liquid N2, and stored at −80 ◦C prior to extraction of
soil metagenomic DNA. Microbial biomass was analyzed from the aliquots of samples
stored at 4 ◦C. The remaining aliquots were air-dried for subsequent analyses of soil
physicochemical parameters.

2.2. DNA Extraction and PCR Amplification

Genomic DNA was extracted from 0.5 g soil using commercial kits (MoBioPower,
Carlsbad, CA, USA) and stored at −20 ◦C prior to PCR amplification according to Liu et al.,
(2018b) [50]. For bacteria, the 16S rRNA gene V4 hypervariable region was amplified using
the 520F (AYTGGGYDTAAAGNG) and 802R (TACNVGGGTATCTAATCC) primer pair,
respectively. The fungal internal transcribed spacer 2 (ITS 2) region was amplified using a
mix of ITS3 and ITS4 specific primer sets, according to Fujita et al., (2001) [51]. After PCR
thermal cycling, amplicons were extracted from 2% agarose gels and purified using the
commercial AP-GX-500 DNA gel extraction kit, with a final quantification on a Microplate
reader (BioTek, FLX800, Winooski, VT, USA) using the dsDNA Assay Kit, (Invitrogen,
P7589, Waltham, MA, USA).

2.3. Sequencing on Illumina MiSeq Platform

16S rRNA and ITS sequence libraries were constructed with the TruSeq Nano DNA
LT Library Prep Kit and sequenced on an Illumina MiSeq platform, generating 300 bp
paired-end reads (Personalbio Co., Ltd., Shanghai, China). Raw sequencing reads with
low-quality bases and adapter contamination were trimmed with cut-adapt (v2.3) [52] and
Vsearch (v2.13.4_linux_x86_64) software [53]. Rarefaction method was used to normalize
the reads, which randomly selects the smallest sample size (49,729 and 60,856 for bacterial
16S rRNA and fungal ITS, respectively) from each sample to reach a uniform sequencing
depth to predict the observed OTUs and their relative abundance at threshold sequencing
depth [54]. High quality sequences (after sequence filtering, denoising, merging, and the
removal of chimeric and singleton) were clustered into operational taxonomic units (OTUs)
with 97% similarity using USEARCH OTU clustering (http://www.drive5.com/usearch/,
accessed on 15 Februray 2020) [55]. For bacterial OTUs, UCLUST was used to assign
taxonomy against the Greengenes database [56]. For fungal OTUs, BLAST was used to
search reads against the UNITE database [57]. The taxonomic cutoff was set at generic
level and OTUs assigned to the same classification level were grouped together based on
their taxonomic affiliations. Raw sequence data were deposited in the NCBI Sequence
Read Archive under accession numbers SRP 126,991 (Fungal sequences) and SRP 126,984
(Bacterial sequences).

2.4. Network and Keystone Taxa Analyses

Microbial networks of the Loess agricultural lands (AL) and rehabilitated lands (RL)
were analyzed individually from the pipeline of molecular ecological network analysis
(MENA) (http://ieg4.rccc.ou.edu/mena/help.cgi, accessed on 20 April 2021). Firstly,
the original bacterial and fungal OTU tables were standardized and then pairwise Pear-
son correlation was performed between microbial OTUs and filtered with the criteria of
p value < 0.01 and a coefficient > |0.7| [58]. OTU correlation matrices were then con-
structed based on random matrix theory [59,60]. In order to reflect the complexity and
interactive status of microbial taxa within a network, the number of nodes (OTUs), the
links (significant associations among OTUs), and the positive links (referring to cooperative
relationships among OTUs) were analyzed from the MENA pipeline [59,60]. To reveal a
network’s resistance to the external environment, network-level topological parameters
including average clustering coefficient (avgCC), average connectivity (avgK), and the
numbers of module and geodesic distance (GD) between nodes [60–62] were calculated.
Node-level indices used for keystone taxa identification were: (i) among-module connec-
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tivity (Pi) used to indicate nodes as module connectors (Pi > 0.62); (ii) within-module
connectivity (Zi), referring to highly connected nodes within modules as module hubs
(Zi > 2.5); and (iii) important nodes to both the network and their own module coherence
as network hubs (Zi > 2.5, Pi > 0.62). The nodes with either a high value of Zi or Pi were
defined as keystone taxa including network hubs, module hubs, and connectors [63]. De-
tailed keystone information concerning keystone number, their assigned phyla, association
to a functional module, and keystone taxa distribution features were sorted and visualized
using OriginPro 8 software.

2.5. The Relationship between Network Topology and Environmental Variables

The importance of environmental variables on network topology was examined as
described by Deng et al., (2012) [43]. The OTUs’ significance was defined as the square
of Pearson correlation coefficients between relative abundance of OTUs in a network
and environmental variables [64]. This was achieved by selecting a dataset (i.e., the
fungal network of the agricultural lands with the number of 453 OTUs) to first calculate
OTU significance, followed by MENA database submission, and then uploading the
environmental trait file (13 variables in our case). The options of “correlation method:
Pearson correlation coefficient” and “standardization method: standardize environmental
data only (scale each factor to zero mean and unit variance)” were selected. The OTU-
significance matrix was obtained with specific OTUs distributed in rows and environmental
traits in columns. The final matrix table can be downloaded from the MENA pipeline. For
the overall OTU-significance matrix, we chose specific options (Distance method: Euclidean
distance) and consequently ran a Mantel test on each of these environmental factors.

2.6. Statistical Analysis

The alpha diversity indices for bacterial and fungal communities of Loess agricul-
tural lands (AL) and rehabilitated lands (RL) were calculated based on the normalized
microbial OTUs table. Estimated OTU richness was evaluated using the Chao1 index,
and the Shannon index was used to consider both the number and abundance of OTUs,
while the Simpson index was used to consider the number and the relative abundance of
individual OTUs. Significant differences between the AL and RL soils were tested using
two independent sample T-tests. Beta-diversity of the soil microbial communities was
determined using the UniFrac metric [65] in the MOTHUR [66] platform. Unweighted
Non-Metric Multi-Dimensional Scaling (NMDS) plot analysis was performed using the
vegan package [67] of R software and was based on the unweighted UniFrac distance
matrix. Furthermore, ANOSIM (analysis of similarities) was conducted to test differences
in bacterial or fungal community structure between AL and RL soils. Dispersion analysis
(Permdisp) was used to confirm the grouping result (between AL and RL), and test whether
the grouping in NMDS was due to significant differences among group centroids or het-
eroscedasticity between groups. Variation Partitioning Analysis (VPA) was performed
to explore the proportion of variability in microbial communities that can be explained
by land-use types, and edaphic and spatial variables (as evaluated by geographic dis-
tance between sampling sites). Linear discriminant analysis (LDA) effect size was used
to investigate microbial biomarkers across the studied agricultural and rehabilitated soils.
The most obvious biomarkers were selected based on a threshold of LDA score > 2.0 and
p-value < 0.05. PICRUSt (phylogenetic investigation of communities by reconstruction of
unobserved states) was used to predict functional abundances based on the 16S rRNA gene
sequencing data [68].

3. Results
3.1. Variations in Edaphic Properties and Microbial Communities across Different Land-Use Types

All the investigated rehabilitated lands (RL) are situated at higher altitude
(1271 ± 129 m a.s.l.) as compared to the agricultural lands (AL) (798 ± 377 m). Soil organic
carbon (SOC), total nitrogen (TN), and total phosphorus (TP) contents were all higher in
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AL (SOC, 4.7 ± 0.8 g kg−1; TN, 2.3 ± 0.2 g kg−1; TP, 1.1 ± 0.3 g kg−1) than in RL (SOC,
3.6 ± 1.4 g kg−1; TN, 1.6 ± 0.9 g kg−1; TP, 0.5 ± 0.04 g kg−1). However, soil pH, dissolved
organic carbon (DOC), and microbial biomass carbon (MBC) contents were higher in RL
(pH, 8.9± 0.2; DOC, 73± 36 mg kg−1; MBC, 243± 192 mg kg−1) than in AL (pH, 8.3 ± 0.3;
DOC, 56 ± 16 mg kg−1; MBC, 151 ± 41 mg kg−1) (Table S1).

Variation partition analysis showed that the total microbial community variation was
mainly explained by land-use type (Bacteria, 27.7%; Fungi, 30.2%), followed by edaphic
variables (Bacteria, 14.2%; Fungi, 17.9%), and spatial variables (8% for both bacteria and
fungi) (Figure 1). Land use and edaphic properties together explained 12.6% (bacterial) and
10.4% (fungal) of the community variations. Taken together, despite the various unknown
(unexplained percentage ~60%) factors that influence community variation, soil properties
derived by land use significantly shape microbial communities.

Figure 1. Venn diagram representing variation partitioning of bacterial (A) and fungal (B) communi-
ties explained by land-use types, and edaphic and spatial variables.

3.2. Variations in Microbial Community Composition, Diversity, and Structure

The major bacterial taxa (cumulative relative abundance > 80%) across all the AL soils
belonged to the Proteobacteria (25% in average), Acidobacteria (17%), Actinobacteria (13%),
Planctomycetes (12%), Gemmatimonadetes (10%), and Chloroflexi (7%) (Figure 2). By con-
trast, in the RL soils the Actinobacteria were detected more with mean relative abundance
of 25%, followed by the Proteobacteria (21%), Acidobacteria (20%), Planctomycetes (10%),
Chloroflexi (7%) and Gemmatimonadetes (6%). Among these bacterial phyla, significant
differences between the AL and the RL soils were only observed in Proteobacteria and
Actinobacteria (Table S2).

Fungal phyla Ascomycota (averaged 69%), Basidiomycota (averaged 8%), Zygomycota
(averaged 0.3%), Glomeromycota (averaged 0.3%), and Rozellomycota (averaged 0.1%)
(Figure 2), were detected with no apparent significant differences between the two land-use
types (Table S3), except for Chytridiomycota which was significantly higher in the AL (1.4%)
than in the RL (0.04%) soils (p = 0.009). Although soil bacterial and fungal diversity indices
(Chao1, Shannon, and Simpson) did not differ significantly between the two land types
(p > 0.05; Figure S1), the microbial community structure exhibited significant differences
as represented by the distinctly separate (stress < 0.1) ellipse in the NMDS plot (Figure 3).
No significant dispersion effect existed either for bacterial (permdisp test, p = 0.087) or
fungal (permdisp test, p = 0.076; Figure 3) communities. The bacterial community structure
differed significantly between AL and RL soils (anosim test, R = 0.618, p = 0.006), as did
fungal community structure (anosim test, R = 0.721, p = 0.005; Figure 3). These variations
in microbial community structures were mainly explained by variation in soil N and P,
respectively (Table S4).
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Figure 2. Relative abundance of the main bacterial (A) and fungal (B) phyla in agricultural (AL) and
rehabilitated lands (RL) of the Chinese Loess Plateau.

Figure 3. Soil bacterial (A) and fungal (B) community structures indicated by unweighted Non-Metric Multi-Dimensional
Scaling (NMDS) plots of pairwise UniFrac community distance across agricultural (AL) and rehabilitated lands (RL) of the
Chinese Loess Plateau. The stress value determines the consistency of the new model (ranks on the ordination configuration)
with the original data (ranks in the original similarity matrix); a model with stress < 0.1 was accepted. Permutation test for
homogeneity of multivariate dispersion (Permdisp) was used to test heteroscedasticity between groups. Non-parametric
Anosim (analysis of similarities) based on community distance matrix indicates significant differences between the grouping
factor (land-use type) and the degree (r) of microbial community composition. The higher the r value, the higher is the
interpretation of the difference.

3.3. Distinct Microbial Networks and Putative Metabolic Profiles

Prior to network comparisons, the changes in the microbial OTUs that were used
for network constructions were verified. The OTU richness was over six times higher for
bacterial communities (averaging 2900 OTUs) than for fungal communities (averaging
470 OTUs). The richness (Chao1) and diversity index values (Shannon and Simpson;
Figure S1), indicated a higher occurrence of bacterial communities in the AL and RL soils
studied. The four ecological networks were constructed using the bacterial and fungal OTUs’
correlation matrices from the AL and the RL soils (Figure 4). The similarity thresholds of the
networks ranged from 0.852 to 0.940. The network topological properties such as average



Biology 2021, 10, 1261 8 of 19

geodesic distance (GD), average OTU clustering coefficients (avg CC) and modularity were
all higher in the ecological network than in the random network (Table S5).

Figure 4. Potential interactions in microbial networks in agricultural (AL) and rehabilitated lands
(RL) of the Chinese Loess Plateau. Networks were constructed based on a random correlation
matrix of the OTUs. Complexity and interaction of bacterial and fungal OTUs within the microbial
networks, indicated by (A) number of nodes (A), significant associations/links among the OTUs (B)
and positive relationship/links among the detected OTUs (C).

The bacterial network was more complex in the RL than in the AL soil. This is indicated
by the higher numbers of OTUs (1695 in the RL vs. 1534 in the AL) and especially in the
links (paired OTUs that show significant relationships) within the network (4268 in RL vs.
1888 in AL; Figure 4A). In the RL, the complex bacterial network was characterized by more
cooperative bacterial taxa (as indicated by 77% positive links) than that in the AL soils. In
contrast, the soil fungal network was more complex and showed a higher number of OTUs
(308), links (614), and positively connected links (66%) in the AL than in the RL soils (191 OTUs,
323 links with 54% positive ones, respectively: Figure 4). Based on the higher connectivity
and clustering coefficient (Table 1), the soil bacterial and fungal community structures tend to
be more susceptible to potential disturbances in the RL than in the AL soils.

Table 1. Topological parameters of the empirical molecular ecological networks (MENs) of bac-
terial and fungal communities in agricultural (AL) and rehabilitated lands (RL) of the Chinese
Loess Plateau.

Bacteria Fungi

AL RL AL RL

Threshold 0.96 0.96 0.89 0.87
avgCC a 0.08 0.10 0.12 0.16

avgK 2.46 5.04 3.39 3.98
Module 246 204 39 25

Modularity 0.94 0.77 0.68 0.63
GD 9.58 6.33 5.14 4.35

a Abbreviations: avgCC = average clustering coefficient of nodes; avgK = average connectivity among nodes;
GD = average geodesic distance between nodes.

Based on microbial network changes, we then used PICRUSt analysis to obtain sup-
plemental insights on potential ecosystem functionality of the sites. The relative abundance
of the two strongest putative functions (amino acid and carbohydrate metabolisms) was
significantly higher in RL than in AL soils (independent sample t-tests, p < 0.05, Figure 5).
Additionally, the relative abundance of other putative metabolic processes involving lipids,
glycan biosynthesis, xenobiotic biodegradation, terpenoids and polyketides, and amino
acids, was also significantly higher in the RL than in the AL soils (independent sample
t-tests, p < 0.05, Figure 4). There was a significant correlation with bacterial and to a lesser
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extent with fungal microbial networks and soil physicochemical properties (Table 2). The
RL bacterial network was significantly related with soil C (organic C, dissolved organic C,
and microbial biomass C) and N (ammonia N and total N), while the RL fungal network
showed weak links with soil nutrients (Table 2). Comparatively, in AL soils, easily available
N (ammonia N, nitrate N) and P (available P) significantly influenced bacterial networks,
while soil salt content was the main parameter influencing AL fungal networks (Table 2).

Figure 5. Metabolic profiling of bacterial communities, based on PICRUSt 2 analysis, in the agricul-
tural (AL) and rehabilitated lands (RL) of the Chinese Loess Plateau. Asterisks indicate significant
differences in the predicted metabolic function of the OUT-based bacterial community analysis at
p < 0.05 significance level in independent sample t-tests.

Table 2. Mantel test results indicating correlations between soil physicochemical properties, and bacterial and fungal
molecular ecological networks in agricultural (AL) and rehabilitated lands (RL) of the Chinese Loess Plateau.

Bacteria Fungi

AL RL AL RL

r p r p r p r p

pH 0.010 0.269 0.015 0.125 0.017 0.278 0.071 0.121
a TOC 0.005 0.382 0.034 0.039 0.026 0.181 0.068 0.114

TN 0.006 0.371 0.082 0.001 0.005 0.388 0.080 0.120
TP −0.001 0.494 0.003 0.385 −0.038 0.881 0.112 0.052

Moisture −0.015 0.775 −0.016 0.831 −0.011 0.610 0.047 0.146
SC 0.009 0.273 0.033 0.997 0.076 0.018 0.000 0.370

NO3 0.103 0.001 −0.033 0.994 −0.016 0.631 −0.049 0.903
NH4 0.041 0.023 0.068 0.001 −0.045 0.897 0.035 0.232
AP 0.052 0.004 0.047 0.005 0.023 0.230 0.017 0.264

DOC 0.006 0.301 0.007 0.002 0.005 0.381 0.052 0.142
MBC −0.027 0.937 0.081 0.001 −0.035 0.850 0.021 0.241

Altitude 0.325 0.211 0.314 0.240 0.341 0.193 0.329 0.224
Plant type 0.355 0.153 0.345 0.194 0.369 0.124 0.355 0.172

a Abbreviations: AP, available phosphorus; DOC, dissolved organic carbon; MBC, microbial biomass carbon; SC, salt content; TOC, total
organic carbon; TN, total nitrogen; TP, total phosphorus. Bold numbers show those with p values < 0.05.
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3.4. Keystone Taxa and Their Distributing Feature

Based on within- and among-module connectivity of individual OTUs, an overall
115 keystone taxa were detected, with much of them assigned to bacteria (98). Specifically,
the bacterial and fungal keystone taxa were both higher in the RL soils (53 and 13) than in
the AL soils (45 and 4; Figure 6A).

Figure 6. Keystone microbial taxa network and distribution characteristics in agricultural land (AL) and rehabilitated land
(RL) soils of the Chinese Loess Plateau. The number of keystone taxa (A), assigned phyla to the number of keystone taxa
(B), assigned functional module to the number of keystone taxa (C) and, distribution features of the number of keystone
taxa (D) based on random correlation matrix analysis of the OTUs.

These keystone taxa were from different phyla (Table 3). In RL soil, major keystone
taxa were assigned to Proteobacteria (18), followed by Actinobacteria (12) and Acidobacte-
ria (11), while in the AL soil, they belonged to Acidobacteria (13) and Proteobacteria (9)
(Figure 6B). In RL soils, among the 53 bacterial keystone taxa (Table S6), 9 OTUs were
identified to genus level and consisted of Alphaproteobacteria (5), Planctomycetia (2), and
Rubrobacteria (2); while among the 13 fungal keystone taxa, 8 were assigned at genus level,
of which 1 belonged to Zygomycota and 12 to Ascomycota (Table S6), respectively. In the
AL soils, there were 4 fungal keystone taxa that belonged to Ascomycota (2), Zygomy-
cota (1), and one unidentified fungus. There were three fungal keystone taxa belonging
to the orders of Pleosporales, Hypocreales, and Saccharomycetes. Among them, the OTU
6627, OTU 2069, and OTU 3133 were assigned to parasitic or plant pathogenic fungi causing
canker formation. The other three fungal keystones seem to have wide distributions. For
instance, the OTU 9390 and OTU 9744 belong to the order Eurotiales which are widespread
and abundant saprobic fungi [69], and the OTU 12,611 belongs to the Lecanoromycetes
order (species of which seem to be common and frequently reported worldwide) [70].

Among the 45 bacterial keystone taxa (Table S6), there were 8 genera mainly related to
Alpha-, Gammaproteobacteria (5), Actinobacteria (2), and Saprospirae (1) (Table 3). The
complex soil bacterial network (Figure 4) in the RL featured a condensed functional module
(i.e., fewer numbers of modules, but more keystone taxa in each module). In contrast,
functional modules of AL soils seemed to be more loose and composed of a higher number
of modules but with single/double keystone taxa in each module (Figure 6C,D).
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Table 3. Keystone bacterial and fungal taxa detected in agricultural lands (AL) and rehabilitated lands (RL) on the Chinese
Loess Plateau. Keystone taxa in Table 3 is the subset of Table S6 but with most possible taxonomic assignment for the
identified keystone taxa, i.e., up to the genus level in terms of bacterial and species level in fungal taxa, and that the full list
of keystone taxa from the analyses can be found in Table S6.

OTUs Kingdom Class Order Family Genus Species

AL OTU69876 Bacteria Saprospirae [Saprospirales] Chitinophagaceae Flavisolibacter Not assigned
AL OTU72155 Bacteria Actinobacteria Actinomycetales Nocardioidaceae Aeromicrobium Not assigned
AL OTU37190 Bacteria Actinobacteria Actinomycetales Nocardioidaceae Kribbella Not assigned
AL OTU5872 Bacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Devosia Not assigned
AL OTU1603 Bacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter Not assigned
AL OTU46084 Bacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes Not assigned
AL OTU53987 Bacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas Not assigned
AL OTU36507 Bacteria Gammaproteobacteria Xanthomonadales Sinobacteraceae Steroidobacter Not assigned

RL OTU40252 Bacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Balneimonas Not assigned
RL OTU46298 Bacteria Alphaproteobacteria Rhizobiales Brucellaceae Ochrobactrum Not assigned
RL OTU65537 Bacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes Not assigned
RL OTU60443 Bacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes Not assigned
RL OTU6889 Bacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes Not assigned
RL OTU28903 Bacteria Planctomycetia Pirellulales Pirellulaceae A17 Not assigned
RL OTU3183 Bacteria Planctomycetia Planctomycetales Planctomycetaceae Planctomyces Not assigned
RL OTU6858 Bacteria Rubrobacteria Rubrobacterales Rubrobacteraceae Rubrobacter Not assigned
RL OTU14570 Bacteria Rubrobacteria Rubrobacterales Rubrobacteraceae Rubrobacter Not assigned

AL OTU5193 Fungi Eurotiomycetes Eurotiales Trichocomaceae Talaromyces T. marneffei
AL OTU13116 Fungi Incertae sedis Mortierellales Mortierellaceae Mortierella M. indohii
AL OTU13053 Fungi Sordariomycetes Microascales Microascaceae unidentified unidentified
AL OTU11811 Fungi unidentified unidentified unidentified unidentified unidentified

RL OTU6627 Fungi Dothideomycetes Pleosporales Phaeosphaeriaceae Phaeosphaeria unidentified
RL OTU10400 Fungi Dothideomycetes Pleosporales unidentified unidentified unidentified
RL OTU9390 Fungi Eurotiomycetes Eurotiales Trichocomaceae Penicillium P. polonicum
RL OTU9744 Fungi Eurotiomycetes unidentified unidentified unidentified unidentified.
RL OTU7322 Fungi Incertae sedis Mortierellales Mortierellaceae Mortierella M. humilis
RL OTU12611 Fungi Lecanoromycetes Teloschistales Physciaceae Phaeophyscia P. hispidula
RL OTU4181 Fungi Pezizomycetes Pezizales Pyronemataceae Geopora unidentified
RL OTU56 Fungi Pezizomycetes Pezizales Pyronemataceae unidentified unidentified
RL OTU6753 Fungi Saccharomycetes Saccharomycetales Saccharomycetaceae Kazachstania K. telluris
RL OTU2069 Fungi Sordariomycetes Hypocreales Incertae sedis Acremonium A. dichromosporum
RL OTU3133 Fungi Sordariomycetes Hypocreales Nectriaceae Fusarium F. pseudensiforme
RL OTU6835 Fungi unidentified unidentified unidentified unidentified unidentified
RL OTU6835 Fungi unidentified unidentified unidentified unidentified unidentified

OTU = Operational Taxonomical Unit.

4. Discussion
4.1. Microbial Diversity and Community Structure Variation

At the continental scale, Lauber et al., (2009) found that soil pH was a strong predictor
of soil bacterial community structure [71]. In a recent meta-analysis of impacts of global
change factors on soil microbial diversity, the predominant influencing factor in land
conversion (from native ecosystem to secondary ecosystem, plantation, agricultural land,
and pasture) was found to be differential soil pH, rather than factorial changes associated
with climate, biomes, soil resource content, or stoichiometry [72]. This partially supports
our first hypothesis (H1). However, no significant differences between bacterial and fungal
alpha diversity indices in soils from agricultural (AL) and rehabilitated lands (RL) were
observed (Figure S1). A major reason for this deviation could be that the soil pH of the AL
and the RL was not significantly different. However, the single factor of soil pH in shaping
microbial communities in these soils may be confounded by the reduced effect of other soil
properties, especially the SOC, TN, and MBC contents which also differed marginally in
these soils [50].

In support of hypothesis 1, microbial community composition differed significantly
between AL and RL soils. This was in line with the global analysis study [72], showing
that land use change has a significant positive effect on microbial beta-diversity indices. In
particular, the relative abundance of Proteobacteria and Actinobacteria were significantly
different across the AL and the RL soils (Actinobacteria: 25% in RL vs. 13% in AL; Pro-
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teobacteria 21% in RL vs. 25% in AL). Such significant differences tend to be important
ecological indicators when considering the persistence of bacterial members belonging to
a specific phylum level. In the AL soils, the highest proportion of Proteobacteria (25%)
might be related with their copiotrophic lifestyle [18,19] in presence of high amounts of
SOC and TN in soils (Table S1). The majority of Actinobacteria are important saprophytes
and capable of breaking down a wide range of plant debris [73]. Some genera within the
Actinobacteria, such as Streptomyces and Micromonospora, are renowned for their prolific
production of a diverse range of bioactive metabolites including enzymes and signaling
molecules used for communication within microbial communities [73,74]. Noteworthy is
almost twice the relative abundance of Streptomyces and Micromonospora in the RL com-
pared to the AL soils (Streptomyces: 0.2% in RL vs. 0.1% in AL; Micromonospora: 0.05% in RL
vs. 0.03% in AL). This supports positive feedback towards bacterial physiological activity
especially in the RL soils [38,75].

At the fungal phylum level, there was a significant increase in Chytridiomycota in the
AL soils. This might be attributed to specific agricultural management practices such as
stubble retention or reduced tillage in cultivated Loess fields [76]. This is in agreement with
previous studies [21,22] describing many members of the Chytridiomycota as microscopic
saprophytes capable of decomposing cellulose and chitin. The observed higher ratio of
Ascomycota to Basidiomycota in AL (17) than in RL (5) (indicating a possible stronger
decomposition mechanism in AL soils) is in line with a previous study linking retarded
decomposition with lower Asco-/Basidomycota ratios in the alkaline soils [77] with similar
pH as the agricultural soils in this study. Besides pH changes, higher water storage capacity
and water content in AL soils due to reduced/no-tillage and stubble retention were reported
in previously conducted studies [20,47]. The increased water content might also be due to
the potential hydrophylic nature of the residual stubble and may have assisted chytrids’
abundance following their aquatic and motile lifestyle [21,22]. Meanwhile, the remarkable
increase in the relative abundance of Sordariomycetes in AL soils might be attributed to
wide-spread organic fertilizer use and high-efficiency compound fertilization application
practices in the AL soils that are known to promote these fungi [47,78,79].

4.2. Distinct Microbial Networks, Keystone Taxa and Putative Metabolism Profiles

In accordance with the second hypothesis (H2), in the RL soils, bacterial taxa formed
a tighter, more co-operative, and more complex network (Figure 4). Evidence has shown
that complex networks are more robust than simple networks to negate the effects of
environmental perturbations [80,81]. Therefore, we argue that the microbial communities
in the RL soil ecosystems, with more complex networks, are better equipped with stronger
resilience mechanisms against environmental stresses compared to those in the AL ecosys-
tems. This is further supported by the observation that complex network co-ordination
within different taxa can compensate for the loss of specialist taxa capable of performing
particular functions in the soil matrix [82]. In the previous study, the higher complexity
of microbial networks was shown to be more resilient to environmental perturbations
than simple networks consisting of lower connectivity [78]. For instance, a comparative
study of root microbiota in different farming systems found that the microbial network
of organic farming was more complex, featuring more highly connected nodes (microbial
OTUs) whereas conventional farming networks were predominated by weakly connected
peripheral nodes [79].

Bacterial network complexity may be attributed to differences in the“nutrient-
accumulating” patterns of soil. Typically, elevated nutrient contents (resulting from the
anthropogenic nutrients inputs in AL soils) foster the preferential growth of some microbes
and results in lower selection pressure for others [83]. In contrast, naturally-accumulating
nutrient patterns in RL soils could act as a selective force on the assembly of the soil
microbiome and increase the likelihood of coevolution [83]. In the RL, facilitated nutrient
acquisition may have occurred via complex microbial interactions that are further increased
by factors such as plant fine root organization, root exudates, soil aggregate build-up, as
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well microbial residue accumulation, as seen previously [11,38,76,84]. Although empirical
evidence for this argument could not be provided in the present study, the significantly
enhanced putative amino acid and carbohydrate metabolisms identified in the RL soils
strongly support the idea that RL soil microbes are more engaged to recycle organic C and
N substrates for the sake of plant availability.

As the Chinese Loess Plateau is a fragile habitat, the overall responses of soil micro-
biomes towards predicted disturbance such as extreme weather conditions or regional
climate warming would be of great importance for environmental policymakers [5,33].
Therefore, land-use specific taxa that may act as a potential biological indicator for sus-
tainable soil use and healthy ecosystems is evaluated to study the current status of these
sensitive ecosystems. Using linear discriminant analysis (LDA), we identified 9 bacterial
and 151 fungal land-use specific taxa. In the AL soils, Iamia, Marinactinospora, Pyrenochaetop-
sis, Kazachstania, and Podospora; in RL soils, Chthoniobacter, Cenococcum, Tulostoma, and
Fabrella were high occurring biomarkers with the highest LDA scores (Table S7). To our
knowledge, this is the first study to explore microbial networks from the perspective of a
large scale and longer-term restoration field experiment on the Chinese Loess Plateau. This
twenty-year old restoration project has broad implications for interventions in other major
dryland areas of the world.

A possible explanation for the easily-disturbed soil bacterial networks in the RL soils
may be found in the positive correlation between network connectivity and soil C, N
nutrients (especially the easily available fractions such as ammonia N), dissolved organic
carbon, and microbial biomass carbon cycling of the soil’s easily available nutrients is
shown to be sensitive to disturbances, and this is a probable factor shaping the microbial
communities and their connectivity [85–87]. Conversely, in the AL soils fungal networks
were less disturbed, probably due to cascading interlinks within the fungal communities
themselves [88,89] which tend to be relatively stabilized under changing available nutrient
patterns. Furthermore, the higher network complexity (as shown by the higher number
of taxa and the higher number of associations that those taxa shared among them) might
also have contributed to the corresponding resistance and resilience of fungal communities
towards periodic land management in the AL soils. In the soil microbiome, bacterial and
fungal keystone taxa have been computationally inferred using network scores [90–92].
For a range of taxa, it has been shown that keystone taxa identified using statistical tools
do indeed have an impact on the composition and performance of the microbiome [91–94].
Microbial keystone taxa have been widely identified in agroecosystems [61,95,96], but
not in the RL ecosystems of the Loess region. Keystone taxa detected in the RL soils,
such as Rubrobacter, Balneimonas, and Planctomycetes, play a significant role in resistance
mechanisms, oxidation, and nutrient acquisition, especially in the soil N cycling [97,98].
All this is indicative of a different mechanism of microbial management and enrichment of
soil conditions at the land-use level.

In comparison, the bacterial keystone taxa in the AL soils were substantially different
from those detected in the RL soils (Table 3). The common occurrence of Rhodoplanes in
both land-use type soils may suggest that they could be regarded as the indicator species
for these soils. More investigation is required on which members of this bacterial genus and
their habitat patterns can help predict changes in the community composition at ecosystem
level. Except for Rhodoplanes, others belonged to various and varied bacterial genera and
therefore make specific explanations regarding bacterial role in these soils very difficult.
However, the genus Flavisolibacter has previously been reported in cultivated soils [99].
The genera Aeromicrobium and Kribbella (belonging to the Actinobacteria) have also been
isolated from alkaline soils [100,101] similar to Loess alkaline agricultural soils. The specific
functions of these keystone taxa still remain largely unknown.

In our studied AL soils, there were only two identified fungal keystone taxa; one was
unidentified Microascaceae (OTU 13053), and the others members from family Microas-
caceae, which mostly consist of saprobes and plant-pathogenic genera include Microascus
and Pseudallescheria [102]. Another fungal keystone was Talaromyces marneffei (OTU 5193)
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from the genus Talaromyces. T. marneffei is the known dimorphic species producing filamen-
tous growth and yeast phase at different temperatures, indicating its strong reproductive
strategy. Moreover, T. marneffei is an emerging fungal pathogen causing mycosis in an
immune-compromised East Asian population [103] whose occurrence in the Loess barren
agricultural soils is an early indication of probable health risk factor from these soils. On
the other hand, under organic farming practices, Banerjee, Walder, et al., (2018) reported
majority of key-stone taxa belonging to arbuscular mycorrhizal fungi (AMF) and further to
fungal orders that can form neutral and beneficial interactions with plants.

Fungal keystone taxa Mortierella (belonging to the order of Mortierellales) are the
module connectors (with among-module connectivity (Pi) > 0.62) present in both the AL
and the RL soils. Fungal genera Mortierella are characterized by (i) high ecological and
physiological diversity enabling them to be distributed worldwide [104]; and (ii) lipid
production that can be potentially used for bacterial biomass incorporation [105]; while
Phaeosphaeria, Penicillium, Phaeophyscis, Geopora, Kazachstania, Acremonium, and Fusarium
are unique keystone genera in RL soils and the identified fungal keystones were assigned
to saprotrophs and symbiotrophs [106]. Specifically, the two fungal keystone taxa (OUT 56
and OTU 4181, that belong to the order Pezizales) are mostly saprophytic in soil rich in
humus and other plant residues, indicating their roles in soil nutrient accumulation during
soil restoration. Altogether, this strongly supports our second hypothesis (H2) expecting
more keystone taxa embedded in a more complex microbial network in rehabilitated
land (RL) than in the agricultural land (AL). How these keystone taxa interact within
the microbial network, and how that changes the overall community function over time,
remains the subject of future studies.

5. Conclusions

Our study revealed significant changes in microbial community composition, espe-
cially that of the bacterial members, in the agricultural and rehabilitated soils of the Chinese
Loess Plateau. A more complex yet co-operative bacterial network was observed in the
rehabilitated soils. Regular land management practices such as fertilizer application may
also have reduced the microbial need for nutrient cycling in the agricultural soils, thus
resulting in a less diverse bacterial network. Moreover, in agricultural ecosystems, soils are
more prone to the artificial management practices leading to increased disturbance in the
soil micro-environment. To cope with such frequent disturbances, the fungal communities
needed to be more diverse and cooperative, as supported by higher diversity index and
fungal network attributes. Investigating changes in such keystone taxa can provide the
basis for future experiments studying how microbe-informed soil management practices
may lead to the effective restoration and improvement methodologies of eroded lands,
particularly in dryland systems such as those in the Loess plateau region.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology10121261/s1, Table S1. Geographic, soil physicochemical parameters, and microbial
sequence information of the studied agricultural (AL) and rehabilitated lands (RL) on the Loess
Plateau. Table S2. Relative abundances (%) of bacterial phylum across all soil samples. Table S3. Rela-
tive abundances (%) of fungal phylum across all soil samples. Table S4. Pearson correlation (r) and
significance (p) between soil microbial community structure (as indicated by NMDS scores) and soil
physicochemical parameters. Table S5. Topological parameters of the empirical molecular ecological
networks (MENs) of bacterial and fungal communities in agricultural (AL) and rehabilitated lands
(RL) and their associated random MENs. Table S6. Detailed information of the keystone bacterial and
fungal taxa detected in agricultural (AL) and rehabilitated lands (RL) on the Chinese Loess Plateau.
Table S7. Linear discriminant analysis (LDA) of microbial biomarkers (with a threshold of LDA
score > 2.0 and p-value < 0.05) across the studied agricultural (AL) and rehabilitated (RL) soils on
the Loess Plateau. The most obvious biomarkers (with the highest LDA score) were shown in bold.
Figure S1. Bacterial and fungal diversity indices in agricultural (AL) and rehabilitated lands (RL).
Chao 1 index indicates microbial richness, Shannon index indicates microbial diversity and Simpson
index indicates microbial evenness as a measure of microbial alpha diversity. For individual index
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boxes, significant differences between the land-use types (AL and RL) were tested by independent
sample Wilcoxon test (n = 9 in each group).

Author Contributions: Conceptualization, D.L. and F.Y.; methodology, P.B. and K.M.K.; software,
D.L. and B.W.; validation, D.L. and B.W.; formal analysis, B.W. and N.Y.; investigation, D.L. and S.A.;
resources, F.Y. and S.A.; data curation, D.L.; writing—original draft preparation, D.L. and C.C.C.C.;
writing—review and editing, N.Y. and C.C.C.C.; visualization, D.L.; supervision, D.L. and F.Y.; project
administration, D.L. and F.Y.; funding acquisition, D.L. and F.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was funded by the Open-Funds of Scientific Research Programs of State Key
Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau (A314021402-2002), “Strate-
gic Priority Research Program” of the Chinese Academy of Sciences (XDA26050302), CAS “Light
of West China” Program (Y923217) and Basic Research—General Program of Yunnan Province
(E13A44), China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful to Bing Lu for invaluable assistance during soil sam-
pling. We thank Mariana Herrera for technical assistance in the laboratory. Finally, we also extend
our gratitude towards both the reviewers, whose comments and suggestions have greatly improved
the scientific quality of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Primmer, E.; Jokinen, P.; Blicharska, M.; Barton, D.N.; Bugter, R.; Potschin, M. Governance of ecosystem services: A framework

for empirical analysis. Ecosyst. Serv. 2015, 16, 158–166. [CrossRef]
2. Foley, J.A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, J.S.; Johnston, M.; Mueller, N.D.; O’Connell, C.; Ray, D.K.; West,

P.C.; et al. Solutions for a cultivated planet. Nature 2011, 478, 337–342. [CrossRef] [PubMed]
3. Chen, L.; Wei, W.; Fu, B.; Lü, Y. Soil and water conservation on the Loess Plateau in China: Review and perspective. Prog. Phys.

Geogr. Earth Environ. 2007, 31, 389–403. [CrossRef]
4. Fu, B.; Liu, Y.; Lü, Y.; He, C.; Zeng, Y.; Wu, B. Assessing the soil erosion control service of ecosystems change in the Loess Plateau

of China. Ecol. Complex. 2011, 8, 284–293. [CrossRef]
5. Zhao, F.; Han, X.; Yang, G.; Feng, Y.; Ren, G. Policy-guided nationwide ecological recovery: Assessment of the Grain-to-Green

Program of China. J. Food Agric. Environ. 2013, 11, 1882–1890. [CrossRef]
6. Gong, H.; Meng, D.; Li, X.; Zhu, F. Soil degradation and food security coupled with global climate change in northeastern China.

Chin. Geogr. Sci. 2013, 23, 562–573. [CrossRef]
7. Ilunga wa Ilunga, E.; Mahy, G.; Piqueray, J.; Séleck, M.; Shutcha, M.N.; Meerts, P.; Faucon, M.P. Plant functional traits as a

promising tool for the ecological restoration of degraded tropical metal-rich habitats and revegetation of metal-rich bare soils: A
case study in copper vegetation of Katanga, DRC. Ecol. Eng. 2015, 82, 214–221. [CrossRef]

8. Guo, Y.; Chen, X.; Wu, Y.; Zhang, L.; Cheng, J.; Wei, G.; Lin, Y. Natural revegetation of a semiarid habitat alters taxonomic and
functional diversity of soil microbial communities. Sci. Total Environ. 2018, 635, 598–606. [CrossRef]

9. Wang, K.; Zhang, Y.; Tang, Z.; Shangguan, Z.; Chang, F.; Jia, F.; Chen, Y.; He, X.; Shi, W.; Deng, L. Effects of grassland afforestation
on structure and function of soil bacterial and fungal communities. Sci. Total Environ. 2019, 676, 396–406. [CrossRef]

10. Liu, D.; Huang, Y.; Sun, H.; An, S. The restoration age of Robinia pseudoacacia plantation impacts soil microbial biomass and
microbial community structure in the Loess Plateau. Catena 2018, 165, 192–200. [CrossRef]

11. Wang, Z.; Guo, S.; Sun, Q.; Li, N.; Jiang, J.; Wang, R.; Zhang, Y.; Liu, Q.; Wu, D.; Li, R.; et al. Soil organic carbon sequestration
potential of artificial and natural vegetation in the hilly regions of Loess Plateau. Ecol. Eng. 2015, 82, 547–554. [CrossRef]

12. Yang, Y.; Dou, Y.; Huang, Y.; An, S. Links between soil fungal diversity and plant and soil properties on the Loess Plateau. Front.
Microbiol. 2017, 8, 2198. [CrossRef]

13. Wang, B.; Xue, S.; Liu, G.B.; Zhang, G.H.; Li, G.; Ren, Z.P. Changes in soil nutrient and enzyme activities under different
vegetations in the Loess Plateau area, Northwest China. Catena 2012, 92, 186–195. [CrossRef]

14. Guo, Y.; Hou, L.; Zhang, Z.; Zhang, J.; Cheng, J.; Wei, G.; Lin, Y. Soil microbial diversity during 30 years of grassland restoration
on the Loess Plateau, China: Tight linkages with plant diversity. Land Degrad. Dev. 2019, 30, 1172–1182. [CrossRef]

http://doi.org/10.1016/j.ecoser.2015.05.002
http://doi.org/10.1038/nature10452
http://www.ncbi.nlm.nih.gov/pubmed/21993620
http://doi.org/10.1177/0309133307081290
http://doi.org/10.1016/j.ecocom.2011.07.003
http://doi.org/10.1097/SS.0000000000000018
http://doi.org/10.1007/s11769-013-0626-5
http://doi.org/10.1016/j.ecoleng.2015.04.084
http://doi.org/10.1016/j.scitotenv.2018.04.171
http://doi.org/10.1016/j.scitotenv.2019.04.259
http://doi.org/10.1016/j.catena.2018.02.001
http://doi.org/10.1016/j.ecoleng.2015.05.031
http://doi.org/10.3389/fmicb.2017.02198
http://doi.org/10.1016/j.catena.2011.12.004
http://doi.org/10.1002/ldr.3300


Biology 2021, 10, 1261 16 of 19

15. An, S.S.; Cheng, Y.; Huang, Y.M.; Liu, D. Effects of revegetation on soil microbial biomass, enzyme activities, and nutrient cycling
on the Loess Plateau in China. Restor. Ecol. 2013, 21, 600–607. [CrossRef]

16. Liu, D.; Huang, Y.; Yan, H.; Jiang, Y.; Zhao, T.; An, S. Dynamics of soil nitrogen fractions and their relationship with soil microbial
communities in two forest species of northern China. PLoS ONE 2018, 13, e0196567. [CrossRef]

17. Zeng, Q.; An, S.; Liu, Y.; Wang, H.; Wang, Y. Biogeography and the driving factors affecting forest soil bacteria in an arid area. Sci.
Total Environ. 2019, 680, 124–131. [CrossRef]

18. Liu, D.; Keiblinger, K.M.; Leitner, S.; Wegner, U.; Zimmermann, M.; Fuchs, S.; Lassek, C.; Riedel, K.; Zechmeister-Boltenstern,
S. Response of microbial communities and their metabolic functions to drying–rewetting stress in a temperate forest soil.
Microorganisms 2019, 7, 129. [CrossRef]

19. Fierer, N.; Bradford, M.A.; Jackson, R.B. Toward an ecological classification of soil bacteria. Ecology 2007, 88, 1354–1364. [CrossRef]
20. Zhang, C.; Xue, S.; Liu, G.-B.; Song, Z.-L. A comparison of soil qualities of different revegetation types in the Loess Plateau, China.

Plant Soil 2011, 347, 163–178. [CrossRef]
21. Powell, M.J. Chytridiomycota. In Handbook of the Protists; Springer International Publishing: Cham, Germany, 2017; pp. 1523–1558.

ISBN 978-331-928-149-0.
22. Longcore, J.E.; Simmons, D.R. Chytridiomycota. In eLS; John Wiley & Sons Ltd.: Chichester, UK, 2012.
23. Deng, J.; Bai, X.; Zhou, Y.; Zhu, W.; Yin, Y. Variations of soil microbial communities accompanied by different vegetation

restoration in an open-cut iron mining area. Sci. Total Environ. 2020, 704, 135243. [CrossRef] [PubMed]
24. Su, J.Q.; Ding, L.J.; Xue, K.; Yao, H.Y.; Quensen, J.; Bai, S.J.; Wei, W.X.; Wu, J.S.; Zhou, J.; Tiedje, J.M.; et al. Long-term balanced

fertilization increases the soil microbial functional diversity in a phosphorus-limited paddy soil. Mol. Ecol. 2015, 24, 136–150.
[CrossRef] [PubMed]

25. Chen, L.; Jiang, Y.; Liang, C.; Luo, Y.; Xu, Q.; Han, C.; Zhao, Q.; Sun, B. Competitive interaction with keystone taxa induced
negative priming under biochar amendments. Microbiome 2019, 7, 77. [CrossRef] [PubMed]

26. Xiao, E.; Wang, Y.; Xiao, T.; Sun, W.; Deng, J.; Jiang, S.; Fan, W.; Tang, J.; Ning, Z. Microbial community responses to land-use
types and its ecological roles in mining area. Sci. Total Environ. 2021, 775, 145753. [CrossRef]

27. Liu, D.; Huang, Y.; An, S.; Sun, H.; Bhople, P.; Chen, Z. Soil physicochemical and microbial characteristics of contrasting land-use
types along soil depth gradients. Catena 2018, 162, 345–353. [CrossRef]

28. Herren, C.M.; McMahon, K.D. Keystone taxa predict compositional change in microbial communities. Environ. Microbiol. 2018,
20, 2207–2217. [CrossRef]

29. Zhang, Z.; Han, X.; Yan, J.; Zou, W.; Wang, E.; Lu, X.; Chen, X. Keystone microbiomes revealed by 14 years of field restoration of
the degraded agricultural soil under distinct vegetation scenarios. Front. Microbiol. 2020, 11, 1915. [CrossRef]

30. Cheng, X.; Yun, Y.; Wang, H.; Ma, L.; Tian, W.; Man, B.; Liu, C. Contrasting bacterial communities and their assembly processes in
karst soils under different land use. Sci. Total Environ. 2021, 751, 142263. [CrossRef]

31. Zeng, Q.; Liu, D.; An, S. Decoupled diversity patterns in microbial geographic distributions on the arid area (the Loess Plateau).
Catena 2021, 196, 104922. [CrossRef]

32. Watson, R.T.; Zakri, A.H. Ecosystems and Human Well-Being: Desertification Synthesis: Millenium Ecosystem Assessment; WHO:
Geneva, Switzerland, 2015; ISBN 156-973-590-5.

33. Ostwald, M.; Chen, D. Land-use change: Impacts of climate variations and policies among small-scale farmers in the Loess
Plateau, China. Land Use Policy 2006, 23, 361–371. [CrossRef]

34. Tian, Q.; Taniguchi, T.; Shi, W.-Y.; Li, G.; Yamanaka, N.; Du, S. Land-use types and soil chemical properties influence soil microbial
communities in the semiarid Loess Plateau region in China. Sci. Rep. 2017, 7, 45289. [CrossRef]

35. Sui, X.; Zhang, R.; Frey, B.; Yang, L.; Li, M.-H.; Ni, H. Land use change effects on diversity of soil bacterial, Acidobacterial and
fungal communities in wetlands of the Sanjiang Plain, northeastern China. Sci. Rep. 2019, 9, 18535. [CrossRef]

36. Liu, T.; Wu, X.; Li, H.; Alharbi, H.; Wang, J.; Dang, P.; Chen, X.; Kuzyakov, Y.; Yan, W. Soil organic matter, nitrogen and pH driven
change in bacterial community following forest conversion. For. Ecol. Manag. 2020, 477, 118473. [CrossRef]

37. Hou, L.; Hoag, D.; Keske, C.M.H.; Lu, C. Sustainable value of degraded soils in China’s Loess Plateau: An updated approach.
Ecol. Econ. 2014, 97, 20–27. [CrossRef]

38. Liu, D.; Wang, B.; Bhople, P.; Davlatbekov, F.; Yu, F. Land rehabilitation improves edaphic conditions and increases soil microbial
biomass and abundance. Soil Ecol. Lett. 2020, 2, 145–156. [CrossRef]

39. Rinnan, R.; Bååth, E. Differential utilization of carbon substrates by bacteria and fungi in tundra soil. Appl. Environ. Microbiol.
2009, 75, 3611–3620. [CrossRef]

40. Sun, S.; Li, S.; Avera, B.N.; Strahm, B.D.; Badgley, B.D. Soil bacterial and fungal communities show distinct recovery patterns
during forest ecosystem restoration. Appl. Environ. Microbiol. 2017, 83, e00966-17. [CrossRef]

41. Li, J.; Li, C.; Kou, Y.; Yao, M.; He, Z.; Li, X. Distinct mechanisms shape soil bacterial and fungal co-occurrence networks in a
mountain ecosystem. FEMS Microbiol. Ecol. 2020, 96, fiaa030. [CrossRef]

42. Deng, L.; Shangguan, Z.P.; Li, R. Effects of the grain-for-green program on soil erosion in China. Int. J. Sediment Res. 2012, 27,
120–127. [CrossRef]

43. Zhao, G.; Mu, X.; Wen, Z.; Wang, F.; Gao, P. Soil erosion, conservation, and eco-environment changes in the loess plateau of china.
Land Degrad. Dev. 2013, 24, 499–510. [CrossRef]

http://doi.org/10.1111/j.1526-100X.2012.00941.x
http://doi.org/10.1371/journal.pone.0196567
http://doi.org/10.1016/j.scitotenv.2019.04.184
http://doi.org/10.3390/microorganisms7050129
http://doi.org/10.1890/05-1839
http://doi.org/10.1007/s11104-011-0836-5
http://doi.org/10.1016/j.scitotenv.2019.135243
http://www.ncbi.nlm.nih.gov/pubmed/31787305
http://doi.org/10.1111/mec.13010
http://www.ncbi.nlm.nih.gov/pubmed/25410123
http://doi.org/10.1186/s40168-019-0693-7
http://www.ncbi.nlm.nih.gov/pubmed/31109381
http://doi.org/10.1016/j.scitotenv.2021.145753
http://doi.org/10.1016/j.catena.2017.10.028
http://doi.org/10.1111/1462-2920.14257
http://doi.org/10.3389/fmicb.2020.01915
http://doi.org/10.1016/j.scitotenv.2020.142263
http://doi.org/10.1016/j.catena.2020.104922
http://doi.org/10.1016/j.landusepol.2005.04.004
http://doi.org/10.1038/srep45289
http://doi.org/10.1038/s41598-019-55063-4
http://doi.org/10.1016/j.foreco.2020.118473
http://doi.org/10.1016/j.ecolecon.2013.10.013
http://doi.org/10.1007/s42832-020-0030-x
http://doi.org/10.1128/AEM.02865-08
http://doi.org/10.1128/AEM.00966-17
http://doi.org/10.1093/femsec/fiaa030
http://doi.org/10.1016/S1001-6279(12)60021-3
http://doi.org/10.1002/ldr.2246


Biology 2021, 10, 1261 17 of 19

44. Zhao, F.; Jiao, S.; Chengjie, R.; Di, K.; Jian, D.; Xinhui, H.; Gaihe, Y.; Yongzhong, F.; Guangxin, R. Land use change influences soil
C, N and P stoichiometry under ‘Grain-to-Green Program’ in China. Sci. Rep. 2015, 5, 10195. [CrossRef]

45. Huang, M.B.; Yang, X.M.; Li, Y. Effect of apple base on regional water cycle in Weibei upland of the Loess Plateau. Acta Geogr. A
Sin. 2001, 56, 7–12. [CrossRef]

46. Jin, J.; Su, J.; Bai, Y.; Jing, Z.; Jing, G.; Cheng, G.; Cheng, J. Response of soil quality to artificial vegetation restoration patterns in
the arid area of northern Weihe river basin. Acta Agrestia Sin. 2014, 22, 737–742. [CrossRef]

47. Liu, C.A.; Li, F.R.; Zhou, L.M.; Zhang, R.H.; Yu, J.; Lin, S.L.; Wang, L.J.; Siddique, K.H.M.; Li, F.M. Effect of organic manure and
fertilizer on soil water and crop yields in newly-built terraces with loess soils in a semi-arid environment. Agric. Water Manag.
2013, 117, 123–132. [CrossRef]

48. Wang, L.; Yang, F.; Yuan, J.; Raza, W.; Huang, Q.; Shen, Q. Long-term application of bioorganic fertilizers improved soil
biochemical properties and microbial communities of an apple orchard soil. Front. Microbiol. 2016, 7, 1893. [CrossRef]

49. Zhao, W.; Liang, B.; Yang, X.; Zhou, J. Fate of residual 15 N-labeled fertilizer in dryland farming systems on soils of contrasting
fertility. Soil Sci. Plant Nutr. 2015, 61, 846–855. [CrossRef]

50. Liu, D.; Yang, Y.; An, S.; Wang, H.; Wang, Y. The biogeographical distribution of soil bacterial communities in the Loess Plateau as
revealed by high-throughput sequencing. Front. Microbiol. 2018, 9, 2456. [CrossRef]

51. Fujita, S.I.; Senda, Y.; Nakaguchi, S.; Hashimoto, T. Multiplex PCR using internal transcribed spacer 1 and 2 regions for rapid
detection and identification of yeast strains. J. Clin. Microbiol. 2001, 39, 3617–3622. [CrossRef]

52. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [CrossRef]
53. Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016,

2016, 1–22. [CrossRef]
54. Kemp, P.F.; Aller, J.Y. Bacterial diversity in aquatic and other environments: What 16S rDNA libraries can tell us. FEMS Microbiol.

Ecol. 2004, 47, 161–177. [CrossRef]
55. Edgar, R.C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 2010, 26, 2460–2461. [CrossRef]
56. DeSantis, T.Z.; Hugenholtz, P.; Larsen, N.; Rojas, M.; Brodie, E.L.; Keller, K.; Huber, T.; Dalevi, D.; Hu, P.; Andersen, G.L.

Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 2006, 72,
5069–5072. [CrossRef]

57. Nilsson, R.H.; Larsson, K.H.; Taylor, A.F.S.; Bengtsson-Palme, J.; Jeppesen, T.S.; Schigel, D.; Kennedy, P.; Picard, K.; Glöckner,
F.O.; Tedersoo, L.; et al. The UNITE database for molecular identification of fungi: Handling dark taxa and parallel taxonomic
classifications. Nucleic Acids Res. 2019, 47, D259–D264. [CrossRef]

58. Liu, J.; Zhu, S.; Liu, X.; Yao, P.; Ge, T.; Zhang, X.-H. Spatiotemporal dynamics of the archaeal community in coastal sediments:
Assembly process and co-occurrence relationship. ISME J. 2020, 14, 1463–1478. [CrossRef]

59. Zhou, J.; Deng, Y.; Luo, F.; He, Z.; Tu, Q.; Zhi, X. Functional molecular ecological networks. MBio 2010, 1, 113. [CrossRef]
60. Deng, Y.; Jiang, Y.H.; Yang, Y.; He, Z.; Luo, F.; Zhou, J. Molecular ecological network analyses. BMC Bioinform. 2012, 13, 113.

[CrossRef]
61. Sul, W.J.; Asuming-Brempong, S.; Wang, Q.; Tourlousse, D.M.; Penton, C.R.; Deng, Y.; Rodrigues, J.L.M.; Adiku, S.G.K.; Jones,

J.W.; Zhou, J.; et al. Tropical agricultural land management influences on soil microbial communities through its effect on soil
organic carbon. Soil Biol. Biochem. 2013, 65, 33–38. [CrossRef]

62. Lee, S.A.; Kim, Y.; Kim, J.M.; Chu, B.; Joa, J.-H.; Sang, M.K.; Song, J.; Weon, H.-Y. A preliminary examination of bacterial, archaeal,
and fungal communities inhabiting different rhizocompartments of tomato plants under real-world environments. Sci. Rep. 2019,
9, 9300. [CrossRef]

63. Olesen, J.M.; Bascompte, J.; Dupont, Y.L.; Jordano, P. The modularity of pollination networks. Proc. Natl. Acad. Sci. USA 2007, 104,
19891–19896. [CrossRef]

64. Sun, X.; Wang, S.P.; Lin, Q.Y.; Zhou, J.Z. Molecular ecological network analyses revealing the effects of livestock grazing on soil
microbial community in the Tibetan grassland. Microbiol. China 2015, 42, 1818–1831.

65. Lozupone, C.; Lladser, M.E.; Knights, D.; Stombaugh, J.; Knight, R. UniFrac: An effective distance metric for microbial community
comparison. ISME J. 2011, 5, 169–172. [CrossRef] [PubMed]

66. Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.;
Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing
and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef] [PubMed]

67. Oksanen, J.; Blanchet, F.G.; Kindt, R.; Legendre, P.; Minchin, P.R.; O’Hara, R.B. Package vegan. In Community Ecology Package;
Version 2; CRAN: Vienna, Austria, 2013; pp. 1–295.

68. Langille, M.G.I.; Zaneveld, J.; Caporaso, J.G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Vega
Thurber, R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences.
Nat. Biotechnol. 2013, 31, 814–821. [CrossRef]

69. Sterkenburg, E.; Bahr, A.; Brandström Durling, M.; Clemmensen, K.E.; Lindahl, B.D. Changes in fungal communities along a
boreal forest soil fertility gradient. New Phytol. 2015, 207, 1145–1158. [CrossRef]

70. Kirk, P.; Cannon, P.; Minter, D.; Stalpers, J. Dictionary of the Fungi, 10th ed.; CABI: London, UK, 2008; ISBN 085-199-826-7.
71. Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. Pyrosequencing-based assessment of soil pH as a predictor of soil bacterial

community structure at the continental scale. Appl. Environ. Microbiol. 2009, 75, 5111–5120. [CrossRef]

http://doi.org/10.1038/srep10195
http://doi.org/10.3321/j.issn:0375-5444.2001.01.002
http://doi.org/10.11733/j.issn.1007-0435.2014.04.009
http://doi.org/10.1016/j.agwat.2012.11.002
http://doi.org/10.3389/fmicb.2016.01893
http://doi.org/10.1080/00380768.2015.1066232
http://doi.org/10.3389/fmicb.2018.02456
http://doi.org/10.1128/JCM.39.10.3617-3622.2001
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.7717/peerj.2584
http://doi.org/10.1016/S0168-6496(03)00257-5
http://doi.org/10.1093/bioinformatics/btq461
http://doi.org/10.1128/AEM.03006-05
http://doi.org/10.1093/nar/gky1022
http://doi.org/10.1038/s41396-020-0621-7
http://doi.org/10.1128/mBio.00169-10
http://doi.org/10.1186/1471-2105-13-113
http://doi.org/10.1016/j.soilbio.2013.05.007
http://doi.org/10.1038/s41598-019-45660-8
http://doi.org/10.1073/pnas.0706375104
http://doi.org/10.1038/ismej.2010.133
http://www.ncbi.nlm.nih.gov/pubmed/20827291
http://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
http://doi.org/10.1038/nbt.2676
http://doi.org/10.1111/nph.13426
http://doi.org/10.1128/AEM.00335-09


Biology 2021, 10, 1261 18 of 19

72. Zhou, Z.; Wang, C.; Luo, Y. Meta-analysis of the impacts of global change factors on soil microbial diversity and functionality.
Nat. Commun. 2020, 11, 3072. [CrossRef]

73. Schmidt, T.M. Encyclopedia of Microbiology; Academic Press: Cambridge, MA, USA, 2019; ISBN 978-012-811-737-8.
74. Schaechter, M. Encyclopedia of microbiology. Choice Rev. Online 2011, 49, 49–1215. [CrossRef]
75. Xiao, L.; Liu, G.; Zhang, J.; Xue, S. Long-term effects of vegetational restoration on soil microbial communities on the Loess

Plateau of China. Restor. Ecol. 2016, 24, 794–804. [CrossRef]
76. Wang, B.; Guo, B.L.; Xue, S.; Zhu, B. Changes in soil physico-chemical and microbiological properties during natural succession

on abandoned farmland in the Loess Plateau. Environ. Earth Sci. 2011, 62, 915–925. [CrossRef]
77. Zhang, X.; Xu, S.; Li, C.; Zhao, L.; Feng, H.; Yue, G.; Ren, Z.; Cheng, G. The soil carbon/nitrogen ratio and moisture affect

microbial community structures in alkaline permafrost-affected soils with different vegetation types on the Tibetan plateau. Res.
Microbiol. 2014, 165, 128–139. [CrossRef]

78. Fan, T.; Stewart, B.A.; Yong, W.; Junjie, L.; Guangye, Z. Long-term fertilization effects on grain yield, water-use efficiency and soil
fertility in the dryland of Loess Plateau in China. Agric. Ecosyst. Environ. 2005, 106, 313–329. [CrossRef]

79. Wu, T.; Schoenau, J.J.; Li, F.; Qian, P.; Malhi, S.S.; Shi, Y.; Xu, F. Influence of cultivation and fertilization on total organic carbon
and carbon fractions in soils from the Loess Plateau of China. Soil Tillage Res. 2004, 77, 59–68. [CrossRef]

80. Neutel, A.M.; Heesterbeek, J.A.P.; Van De Koppel, J.; Hoenderboom, G.; Vos, A.; Kaldeway, C.; Berendse, F.; De Ruiter, P.C.
Reconciling complexity with stability in naturally assembling food webs. Nature 2007, 449, 599–602. [CrossRef]

81. Shade, A.; Peter, H.; Allison, S.D.; Baho, D.L.; Berga, M.; Bürgmann, H.; Huber, D.H.; Langenheder, S.; Lennon, J.T.; Martiny,
J.B.H.; et al. Fundamentals of microbial community resistance and resilience. Front. Microbiol. 2012, 3, 1–19. [CrossRef]

82. Banerjee, S.; Walder, F.; Büchi, L.; Meyer, M.; Held, A.Y.; Gattinger, A.; Keller, T.; Charles, R.; van der Heijden, M.G.A. Agricultural
intensification reduces microbial network complexity and the abundance of keystone taxa in roots. ISME J. 2019, 13, 1722–1736.
[CrossRef]

83. Button, D.K. Kinetics of nutrient-limited transport and microbial growth. Microbiol. Rev. 1985, 49, 270–297. [CrossRef]
84. Cheng, M.; Xiang, Y.; Xue, Z.; An, S.; Darboux, F. Soil aggregation and intra-aggregate carbon fractions in relation to vegetation

succession on the Loess Plateau, China. Catena 2015, 124, 77–84. [CrossRef]
85. Banning, N.C.; Murphy, D.V. Effect of heat-induced disturbance on microbial biomass and activity in forest soil and the

relationship between disturbance effects and microbial community structure. Appl. Soil Ecol. 2008, 40, 109–119. [CrossRef]
86. Allison, S.D.; Wallenstein, M.D.; Bradford, M.A. Soil-carbon response to warming dependent on microbial physiology. Nat. Geosci.

2010, 3, 336–340. [CrossRef]
87. Mitchell, R.J.; Guo, D.; Mou, P.; Jones, R.H. Spatio-temporal patterns of soil available nutrients following experimental disturbance

in a pine forest. Oecologia 2004, 138, 613–621. [CrossRef] [PubMed]
88. Wardle, D.A.; Lindahl, B.D. Ecology. Disentangling global soil fungal diversity. Science 2014, 346, 1052–1053. [CrossRef] [PubMed]
89. Liang, M.; Johnson, D.; Burslem, D.F.R.P.; Yu, S.; Fang, M.; Taylor, J.D.; Taylor, A.F.S.; Helgason, T.; Liu, X. Soil fungal networks

maintain local dominance of ectomycorrhizal trees. Nat. Commun. 2020, 11, 2636. [CrossRef]
90. Mamet, S.D.; Redlick, E.; Brabant, M.; Lamb, E.G.; Helgason, B.L.; Stanley, K.; Siciliano, S.D. Structural equation modeling

of a winnowed soil microbiome identifies how invasive plants re-structure microbial networks. ISME J. 2019, 13, 1988–1996.
[CrossRef]

91. Banerjee, S.; Schlaeppi, K.; van der Heijden, M.G.A. Keystone taxa as drivers of microbiome structure and functioning. Nat. Rev.
Microbiol. 2018, 16, 567–576. [CrossRef]

92. Banerjee, S.; Kirkby, C.A.; Schmutter, D.; Bissett, A.; Kirkegaard, J.A.; Richardson, A.E. Network analysis reveals functional
redundancy and keystone taxa amongst bacterial and fungal communities during organic matter decomposition in an arable soil.
Soil Biol. Biochem. 2016, 97, 188–198. [CrossRef]

93. Agler, M.T.; Ruhe, J.; Kroll, S.; Morhenn, C.; Kim, S.-T.; Weigel, D.; Kemen, E.M. Microbial hub taxa link host and abiotic factors to
plant microbiome variation. PLOS Biol. 2016, 14, e1002352. [CrossRef]

94. Achat, D.L.; Augusto, L.; Bakker, M.R.; Gallet-Budynek, A.; Morel, C. Microbial processes controlling P availability in forest
spodosols as affected by soil depth and soil properties. Soil Biol. Biochem. 2012, 44, 39–48. [CrossRef]

95. Cong, J.; Yang, Y.; Liu, X.; Lu, H.; Liu, X.; Zhou, J.; Li, D.; Yin, H.; Ding, J.; Zhang, Y. Analyses of soil microbial community
compositions and functional genes reveal potential consequences of natural forest succession. Sci. Rep. 2015, 5, 10007. [CrossRef]

96. Zhao, X.R.; Wu, H.Y.; Song, X.D.; Yang, S.H.; Dong, Y.; Yang, J.L.; Zhang, G.L. Intra-horizon differentiation of the bacterial
community and its co-occurrence network in a typical Plinthic horizon. Sci. Total Environ. 2019, 678, 692–701. [CrossRef]

97. Ferreira, A.C.; Nobre, M.F.; Moore, E.; Rainey, F.A.; Battista, J.R.; da Costa, M.S. Characterization and radiation resistance of new
isolates of Rubrobacter radiotolerans and Rubrobacter xylanophilus. Extremophiles 1999, 3, 235–238. [CrossRef]

98. Xu, L.; He, Y. Comparision of bacterial diversity between rhizpsphere and non-rhizophere soil of maize based on 16S rDNA
high-throughput sequencing. J. Shanxi Agric. Sci. 2019, 47, 1212–1216. [CrossRef]

99. Yoon, M.H.; Im, W.T. Flavisolibacter ginsengiterrae gen. nov., sp. nov. and Flavisolibacter ginsengisoli sp. nov., isolated from
ginseng cultivating soil. Int. J. Syst. Evol. Microbiol. 2007, 57, 1834–1839. [CrossRef]

100. Yoon, J.H.; Lee, C.H.; Oh, T.K. Aeromicrobium alkaliterrae sp. nov., isolated from an alkaline soil, and emended description of
the genus Aeromicrobium. Int. J. Syst. Evol. Microbiol. 2005, 55, 2171–2175. [CrossRef]

http://doi.org/10.1038/s41467-020-16881-7
http://doi.org/10.5860/CHOICE.49-1215
http://doi.org/10.1111/rec.12374
http://doi.org/10.1007/s12665-010-0577-4
http://doi.org/10.1016/j.resmic.2014.01.002
http://doi.org/10.1016/j.agee.2004.09.003
http://doi.org/10.1016/j.still.2003.10.002
http://doi.org/10.1038/nature06154
http://doi.org/10.3389/fmicb.2012.00417
http://doi.org/10.1038/s41396-019-0383-2
http://doi.org/10.1128/mr.49.3.270-297.1985
http://doi.org/10.1016/j.catena.2014.09.006
http://doi.org/10.1016/j.apsoil.2008.03.011
http://doi.org/10.1038/ngeo846
http://doi.org/10.1007/s00442-003-1473-3
http://www.ncbi.nlm.nih.gov/pubmed/14689301
http://doi.org/10.1126/science.aaa1185
http://www.ncbi.nlm.nih.gov/pubmed/25430752
http://doi.org/10.1038/s41467-020-16507-y
http://doi.org/10.1038/s41396-019-0407-y
http://doi.org/10.1038/s41579-018-0024-1
http://doi.org/10.1016/j.soilbio.2016.03.017
http://doi.org/10.1371/journal.pbio.1002352
http://doi.org/10.1016/j.soilbio.2011.09.007
http://doi.org/10.1038/srep10007
http://doi.org/10.1016/j.scitotenv.2019.04.305
http://doi.org/10.1007/s007920050121
http://doi.org/10.3969/j.issn.1002-2481.2019.07.24
http://doi.org/10.1099/ijs.0.65011-0
http://doi.org/10.1099/ijs.0.63582-0


Biology 2021, 10, 1261 19 of 19

101. Ozdemir-Kocak, F.; Isik, K.; Saricaoglu, S.; Saygin, H.; Inan-Bektas, K.; Cetin, D.; Guven, K.; Sahin, N. Kribbella sindirgiensis sp.
nov. isolated from soil. Arch. Microbiol. 2017, 199, 1399–1407. [CrossRef]

102. Sandoval-Denis, M.; Guarro, J.; Cano-Lira, J.F.; Sutton, D.A.; Wiederhold, N.P.; de Hoog, G.S.; Abbott, S.P.; Decock, C.; Sigler,
L.; Gené, J. Phylogeny and taxonomic revision of Microascaceae with emphasis on synnematous fungi. Stud. Mycol. 2016, 83,
193–233. [CrossRef]

103. Yilmaz, N.; Visagie, C.M.; Houbraken, J.; Frisvad, J.C.; Samson, R.A. Polyphasic taxonomy of the genus Talaromyces. Stud. Mycol.
2014, 78, 175–341. [CrossRef]

104. Gardeli, C.; Athenaki, M.; Xenopoulos, E.; Mallouchos, A.; Koutinas, A.A.; Aggelis, G.; Papanikolaou, S. Lipid production
and characterization by Mortierella (Umbelopsis) isabellina cultivated on lignocellulosic sugars. J. Appl. Microbiol. 2017, 123,
1461–1477. [CrossRef]

105. Middelburg, J.J.; Barranguet, C.; Boschker, H.T.S.; Herman, P.M.J.; Moens, T.; Heip, C.H.R. The fate of intertidal microphytobenthos
carbon: An in situ 13C-labeling study. Limnol. Oceanogr. 2000, 45, 1224–1234. [CrossRef]

106. Deshpande, N.P.; Riordan, S.M.; Castaño-Rodríguez, N.; Wilkins, M.R.; Kaakoush, N.O. Signatures within the esophageal
microbiome are associated with host genetics, age, and disease. Microbiome 2018, 6, 227. [CrossRef] [PubMed]

http://doi.org/10.1007/s00203-017-1414-x
http://doi.org/10.1016/j.simyco.2016.07.002
http://doi.org/10.1016/j.simyco.2014.08.001
http://doi.org/10.1111/jam.13587
http://doi.org/10.4319/lo.2000.45.6.1224
http://doi.org/10.1186/s40168-018-0611-4
http://www.ncbi.nlm.nih.gov/pubmed/30558669

	Introduction 
	Materials and Methods 
	Site Description 
	DNA Extraction and PCR Amplification 
	Sequencing on Illumina MiSeq Platform 
	Network and Keystone Taxa Analyses 
	The Relationship between Network Topology and Environmental Variables 
	Statistical Analysis 

	Results 
	Variations in Edaphic Properties and Microbial Communities across Different Land-Use Types 
	Variations in Microbial Community Composition, Diversity, and Structure 
	Distinct Microbial Networks and Putative Metabolic Profiles 
	Keystone Taxa and Their Distributing Feature 

	Discussion 
	Microbial Diversity and Community Structure Variation 
	Distinct Microbial Networks, Keystone Taxa and Putative Metabolism Profiles 

	Conclusions 
	References

