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Abstract

Currently, the impact of changes in precipitation and increased nitrogen(N) deposition on
ecosystems has become a global problem. In this study, we conducted a 8-year field experi-
ment to evaluate the effects of interaction between N deposition and precipitation change on
soil bacterial communities in a desert steppe using high-throughput sequencing technology.
The results revealed that soil bacterial communities were sensitive to precipitation addition
but were highly tolerant to precipitation reduction. Reduced precipitation enhanced the com-
petitive interactions of soil bacteria and made the ecological network more stable. Nitrogen
addition weakened the effect of water addition in terms of soil bacterial diversity and commu-
nity stability, and did not have an interactive influence. Moreover, decreased precipitation
and increased N deposition did not have a superimposed effect on soil bacterial communi-
ties in the desert steppe. Soil pH, moisture content, and NH,*-N and total carbon were sig-
nificantly related to the structure of bacterial communities in the desert steppe. Based on
network analysis and relative abundance, we identified Actinobacteria, Proteobacteria,
Acidobacteria and Cyanobacteria members as the most important keystone bacteria that
responded to precipitation changes and N deposition in the soil of the desert steppe. In sum-
mary, we comprehensively analyzed the responses of the soil bacterial community to pre-
cipitation changes and N deposition in a desert steppe, which provides a model for studying
the effects of ecological factors on bacterial communities worldwide.
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1 Introduction

Change in precipitation and increase in N deposition are current global issues [1,2] that greatly
affect the composition of terrestrial ecosystems. The global deposition of reactive N was 100 Tg
N year™ in 1995, which is predicted to increase to 200 Tg N year™ by 2050 due to industrial pol-
lution and agricultural practices [3,4]. Further, the effects of climate change are becoming obvi-
ous, especially the change in precipitation [5]. It is predicted that precipitation will increase in
high latitudes and decrease in most subtropical regions [5]. In fact, compared with other grass-
lands, changes in precipitation have a greater impact on desert grassland ecosystems [6]. Com-
pared with other steppe types, desert steppe is less stable and highly sensitive to disturbances
due to climate change [7,8]. Water and N are key limiting factors of the survival of organisms
inhabiting a desert steppe and are also two coupling factors in steppe ecosystems [9,10]. The dis-
solution of inorganic N is highly dependent on water [11-13]. Further, soil N addition enhances
the photosynthetic capability of plants [14-16]. Therefore, understanding the responses of des-
ert steppe ecosystems to changes in water and N content will play important roles in elucidating
complex ecosystems and predicting the responses of ecosystems to global change.

Soil microbes are key components of below-ground ecosystems, as their diversity, composi-
tion, and activities are the major drivers of terrestrial ecosystem productivity and diversity
[17-19]. Some studies have reported that precipitation and nitrogen deposition indirectly
affect microbial communities by affecting plant communities [20,21]. At the same time, [22]
pointed out that precipitation and nitrogen deposition directly affect the composition of
microbial communities. Both soil chemistry and soil microbes were affected by N input and
increased precipitation, especially when they were applied simultaneously [23,24]. For exam-
ple, some studies show that changes in N addition and precipitation alter microbial communi-
ties through changes in soil pH [25]. The addition of nitrogen mainly affects the soil microbial
community by lowering the pH of the soil, while increasing water promotes the increase of soil
pH [26]. Similarly, precipitation affects microbial communities by increasing plant diversity,
while the addition of nitrogen does the opposite [24]. In addition, N addition significantly
decreases the relative abundance of soil fungi and increases the proportion of bacteria, whereas
water addition has the opposite effects [22,27,28]. These results indicate that the response of
the soil microbial community to N availability is highly dependent on changes in precipitation
[29]. There are many studies on global change factors affecting the structure and function of
microbial communities, some of them report on short term environmental changes from a few
months to two years [30,31], and others report on the impact of singular climate factors on
microbial communities [32]. However, there are few studies on microbial community
responses to long-term precipitation changes and N deposition, especially in desert steppes
[29]. Therefore, it is highly valuable to study the effects of long-term changes in water and N
deposition on microbial communities in desert steppe. Moreover, the interaction between N
deposition and precipitation change has practical significance in the responses of microbial
ecosystems to complex global changes in multiple environmental factors.

Soil microbes do not typically live in isolation, but instead form complex inter-species net-
works that substantially regulate ecological community structure [33] and ecosystem function
[34]. Ecological network analysis, a system analysis method based on random matrix theory,
analyzes the interactions between different entities in a system [35]. It has recently been used
to study complex microbial systems, such as ecosystem food web [36] and microbial commu-
nity structure [34,37-39]. Analyzing the ecological network structure can reveal the relation-
ship between ecosystem complexity and stability [40]. Complex interrelationships between
species (such as predation, symbiosis, and competition) are important to the stability of the
communities. Therefore, the complexity and stability of the ecological network established
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through the interrelationships of species can reflect the ability of the ecosystem to respond to
changes in the external environment.

In this study, we conducted an 8-year field experiment to study the effects of interaction
between N deposition and precipitation change on soil bacterial communities in a desert
steppe using high-throughput sequencing technology. network analysis was an important
method to examine the response of soil bacteria to changes in water and N. The objectives of
this study were the followings: 1) Investigate whether soil bacterial communities are sensitive
to long-term precipitation changes and N deposition, 2) explore the key species in the bacterial
community affected by environmental factors, and 3) infer the impact of changes in precipita-
tion and increased N deposition on desert steppe ecosystem.

2 Materials and methods
2.1 Study site

The experiment was conducted from June 24, 2006 to October 11, 2014 in a natural desert
steppe ecosystem in Siziwang Banner (41 46'43.6"N, 111 53'41.7"E), Inner Mongolia, northern
China. From 2006 to 2014, the mean soil moisture content was 5.42%, with the highest
monthly soil moisture from June to September. The mean soil temperature was 6.44°C, with
the highest monthly mean temperature in July (24.91°C). The average annual rainfall was
205.29 mm, and more than 75% of measured rainfall occurred from June to September (S1
Fig). The soil in the study site is Kastanozem (Haplic Calcisols according to the FAO classifica-
tion) with a sandy loam texture., the basic soil properties at 0-30 cm depth, according to our
background survey, are shown in S1 Table. The dominant plant species are Stipa breviflora,
Artemisia frigida and Cleistogenes Keng.

2.2 Experimental design

Thirty-six 6 m x 15 m experimental plots were established in June 2006 (Fig 1). The following
six treatments were randomly assigned: control (CK), water addition (WA), water reduction

/7 CK: Control area g NA: NH,NO, (10 g N/m?) addition
@ WR: 30% precipitation reduction NAWA: 30% precipitation addition & NH,NO; (10 g N /m2) addition
WA: 30% precipitation addition @ NAWR: 30% precipitation reduction & NH,NO; (10 g N /m?) addition

Fig 1. Experimental site and three-dimensional schematic diagram of experimental treatments. The experiment
was conducted in a natural desert steppe ecosystem in Inner Mongolia. Eighteen 6 m x 15 m experimental plots were
established in 2006. The following six treatments were randomly assigned: the control (CK), water addition (WA),
water reduction (WR), N addition (NA), both N addition and water addition (NAWA), and both N addition and water
reduction (NAWR).

https://doi.org/10.1371/journal.pone.0248194.9001
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(WR), N addition (NA), simultaneous N addition and water addition (NAWA) and simulta-
neous N addition and water reduction treatments (NAWR). The distance between plots was
approximately 2 m. A plastic baffle with a depth of one meter was inserted between each group
of plots to prevent the exchange of moisture and nutrients between differently treated adjacent
plots. An artificial drought shelter was used for water translocation. Twelve 6 m x 7.5 m artifi-
cial drought sheds were randomly constructed in the main plots, with a rain shelter of 100%
transmittance on top of the shed. Each artificial drought shed eliminated 30% of natural pre-
cipitation in the WR treatment. The rainwater from the WR subplot is evenly sprayed to the
WA subplot to supplement 30% of natural precipitation after each rainfall. In the NAWA and
NAWR subplots, besides water regulation, N was applied once a year using granular NH;NO;
(IogN m2) [41] before rain in late April or early May. Each experimental treatment had six
replicate plots. The experiment lasted 8 years, from 2006 to 2014. Rainfall and air temperature
were obtained from meteorological stations established in the experimental site. A diagram-
matic representation of the experimental device is shown in Fig 1. All necessary permits were
obtained for the described study, which complied with all relevant regulations.

2.3 Soil sampling

Soil samples were collected in the middle of August in 2014, because the standing crop of the
steppe communities reaches its annual peak from the middle to end of August. To obtain soil
samples, 10 soil cores (30 cm depth and 5 cm diameter) were obtained from random locations
in each plot, and then mixed to form one composite sample. Each soil core was divided into
the following five layers: 0-2, 2-5, 5-10, 10-20 and 20-30 cm soil depths. After removing the
roots, gravel and coarse fragments (2mm sterilized nylon mesh), soil samples were subdivided
into two subsamples and stored at 4°C and -80°C for soil chemical analysis and DNA extrac-
tion, respectively.

2.4 Analysis of soil chemical parameters

The soil pH was measured using a pH electrode at a soil:water ratio of 1:2.5 (w/v) (Delta 320;
Mettler-Toledo Instruments Co., Shanghai, China). Soil samples were dried in an oven at
105°C for 12 h and weighed to determine the soil moisture content. Soil nitrate (NO3") and
ammonium (NH,") were extracted by shaking 5.0 g of fresh soil with 2 M KCl for 1 h, and
their content was determined using a continuous flowing analyzer (SAN++, Skalar, Holland).
The total C and total N concentrations of the soil were determined by dry combustion of
duplicate subsamples using the LECO 2000 CHN Analyzer (LECO, Chicago, USA).

2.5 DNA extraction and high throughput sequencing

Total metagenomic DNA was isolated from soil samples using the Fast DNA SPIN Kit for Soil
(MP Biotechnology, USA) according to manufacturer’s instructions. The quality of DNA was
evaluated by agarose gel electrophoresis. The V4 region of 16S rRNA was amplified using spe-
cific primers (515F, 5-GTGCCAGCMGCCGCG GTAA-3’ and 806R, 5-GGACTACHVGGGTWTC
TAAT-3") with designated barcodes [42]. PCR reactions were carried out in 30 pL reactions
with 15 pL of Phusion High-Fidelity PCR Master Mix (New England Biolabs); 1pl forward
primer (10uM), 1pl reverse primer (10uM), and 10 ng template DNA. Thermal cycling con-
sisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C
for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s, and final 72°C for 5 min. Use
TruSeq DNA PCR-Free Sample Preparation Kit for library construction. Libraries were
assessed by the Qubit 2.0 Fluorometer (Thermo Scientific) and deep sequenced on the Miseq
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platform with PE300 strategy. The date has been uploaded to the National Microbiology Date
Centers NMDC10017737).

2.6 Bioinformatic analysis of 16S rRNA sequences

The raw readings are demultiplexed and assigned to the samples based on their unique bar-
codes. Trimmomatic (V0.35) was used for quality filtering with default parameters [43]. Then,
high-quality paired-end reads were merged by using FLASH [44]. After removal of chimeric
sequences based on the Silva database [45] and UChime algorithm [46], clean reads were sub-
ject to further analysis. Operational taxonomical units (OTUs) were clustered at a similarity
threshold of 97% by using Uparse (v7.0.1001) [47]. All samples had sequencing depth of over
10 000 reads. Samples were normalized to 4269 sequences per sample. The Silva SSUrRNA
(SSU128) Database was used based on the Mothur algorithm (thresholds: 0.8) to annotate tax-
onomic information for each representative sequence.

2.7 Network analysis

Network analysis is a method to determine the role of nodes in complex networks based on
topological properties, and it offers new insights to determine key species and significant mod-
ule members in microbe communities [48]. Network analysis was used to explore the co-
occurrence patterns among the bacterial taxa. Analysis of ecological networks was performed
using the Network Analyses Pipeline (http://ieg4.rccc.ou.edu/mena). More information on the
pipeline, including its properties and relevant theories, can be found in [49-51]. Six co-occur-
rence networks of bacteria for the six treatments were built. For each network analysis, we
used the data of samples from the five soil layers. The analysis was performed as follows. First,
individual OTUs assigned into phylum level, was submitted to construct a network using the
default settings. (OTUs appeared in more than half of all samples to be retained for subsequent
analysis.) A similarity matrix was constructed based on Spearman’s Rho between pairwise
OTUs. A cutoff value (similarity threshold, St = 0.6) for the similarity matrix was generated
automatically using the default settings. A link was assigned between a pair of OTUs if the cor-
relation between their abundance was larger than the St. Second, a set of measures (the num-
ber of nodes and links, average path length, number of positive and negative links, average
connectivity, average clustering coefficient and modularity) was calculated to describe the
topology of the resulting networks. The different roles of each node in the network were iden-
tified using the Zi plots (of values that measure within-module connectivity) and Pi plots (of
values that measure among-module connectivity). These parameters can be used to develop
Zi-Pi diagrams, which can be used to study key species in a community [49-51]. Third, Use
the "igraph" and "psych" packages in the R (3.5.2) environment to calculate and draw network
plots. Finally, the "randomize the network structure and then calculate network" was run. Ran-
dom networks were generated for comparison with the topology of the empirical network;
each link had the same probability of being assigned to any node [52].

2.8 Statistical analyses

The Shannon-Wiener diversity index is used to evaluate the diversity of different treatment
methods [53]. Using "vegan" packaging in the R environment, redundant analysis is used to
quantify the relative contribution of soil chemical factors to the composition of the bacterial
community. The Monte Carlo displacement test was used to test the significance of soil chemi-
cal factors related to changes in bacterial communities. One-way analysis of variance was used
to test the significance of the chemical properties of each soil layer under different treatment
conditions.
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The result of bacteria is expressed as the value of six replicate samples mixed into one sam-
ple (no replicate) by high-throughput sequencing. The results of soil physical and chemical
properties are standardized average values of six replicate plots. Moreover, the statistical signif-
icance was accepted at P < 0.05. The software Sigmaplot 12.5 and SPSS were used for the sta-
tistical analyses.

2.9 Ethics statements

All experimental procedures in our research have been approved by the College of Grassland,
Resources and Environment, Inner Mongolia Agricultural University. The sampling site was
the temperature and nitrogen increase experiment plot in Siziwang Banner, College of Grass-
land, Resources and Environment, Inner Mongolia Agricultural University.

3 Results

3.1 Relationships between soil chemical properties and bacteria
communities

Changes in the soil chemical properties among all the treatments in the five layers are listed in
Table 1. Precipitation enrichment enhanced soil moisture in all the layers, especially in the
5-10, 10-20 and 20-30 cm layers, which reached a significant level (P < 0.05). Precipitation
reduction decreased soil moisture in all the layers, but not significantly. However, precipitation
enrichment and reduction had no significant effect on other chemical properties, including
the soil pH, content of total C, TN, NH,*-N and NO; N. At the same time, the changes of the
total soil C and N concentrations were not significant under different treatments.

Redundancy analysis was performed to identify the relationship between environmental
variables using soil physical and chemical properties and the soil bacterial community struc-
tures (Fig 2). The first two dimensions explained 50.1% and 28.35% of the total variances in
the bacterial communities, respectively.

3.2 Diversity and composition of soil bacterial communities

We obtained 287 286 high-quality soil bacterial 16S rRNA sequences. Bacterial sequences were
affiliated with 30 phyla. Because the top 10 most abundant phyla contain the most community
information (accounting for more than 95% of the community), this was used by us to
describe the main components of soil bacterial communities. Shannon index and genera rich-
ness were used to evaluate the diversity of the soil bacterial community in desert steppe (Fig 3).
Overall, compared with CK treatment, the soil bacterial community diversity of WA treatment
increased, and the soil bacterial community of NA treatment decreased. The soil bacterial
community diversity of WR treatment and CK treatment was the most similar, and there was
no difference. Under the NAWA treatment, the diversity of the soil bacterial community
increased compared with that under the CK. However, compared with that under the WA
treatment, the bacterial community biodiversity under the NAWA treatment decreased. More-
over, the diversity of soil bacterial communities under the NAWR treatment did not decrease
compared with that under the CK. That is, there was no superimposed effect of N deposition
and drought on the diversity of soil bacterial communities in desert steppe.

As shown in Fig 4, the differences in the relative abundance of all bacterial phyla of each
treatment at the 0-2 cm soil layer was greater than that in other soil layers. In the 2-5 cm soil
layer, the relative abundance of Acidobacteria was lower in all treatments compared to control.
Especially, compared to other treatments, WR treatment caused highest relative decrease
(26.62%). Compared with that under the CK, the relative abundance of Proteobacteria
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Table 1. Chemical properties of different soil layers under different treatments.

Treat pH Moisture (%) TC (%) TN (%) NO; N (mg/kg) NH,; N (mg/kg)
0-2 cm CK 8.03 +0.12b 1.17 £ 0.16a 1.63 + 0.08a 0.1775 = 0.06a 4.70 £ 0.19a 2.35+0.22a
WA 7.87 £ 0.12b 1.48 £0.13a 1.78 £ 0.04a 0.1758 £ 0.03a 4.39 £ 0.14a 2.19+0.13a
WR 8.00 + 0.16b 1.05 £ 0.07a 1.67 + 0.05a 0.1775 = 0.06a 4.45 +0.33a 2.22 +0.14a
NA 7.37 £ 0.16a 1.27 £ 0.14a 1.65 £ 0.07a 0.1861 = 0.05a 6.77 £ 0.39b 2.64 £ 0.14a
NAWA 7.40 £ 0.37a 1.77 £ 0.04a 1.73 £0.10a 0.1783 £ 0.05a 6.84 £ 0.31b 2.79 £0.29a
NAWR 7.35+0.20a 1.09 £ 0.18a 1.64 £ 0.09a 0.1842 £ 0.02a 6.69 + 0.41b 2.53+£0.18a
2-5cm CK 8.25+0.03b 3.74£0.10a 1.72 £ 0.07a 0.1825 = 0.06a 4.86 + 0.15ab 1.75+£0.18a
WA 8.33+0.21b 4.33£0.32a 1.62 £ 0.08a 0.1842 £ 0.02a 4.55 £ 0.06a 1.69 £ 0.17a
WR 8.31+0.07b 3.33+£0.19a 1.67 £ 0.04a 0.1875 + 0.06a 4.02 £ 0.24a 1.73 £ 0.07a
NA 7.69 £ 0.17a 4.30+£0.13a 1.61 £ 0.09a 0.1871 £ 0.03a 5.47 +0.18b 2.41+0.18a
NAWA 7.74 £ 0.33a 4.32+0.49a 1.68 £ 0.17a 0.1892 + 0.08a 5.53 + 0.47b 2.46 £ 0.03a
NAWR 7.66 + 0.24a 2.73+£0.23a 1.58 £ 0.09a 0.1850 = 0.05a 5.37 £ 0.14b 2.38 £ 0.11a
5-10 cm CK 8.52 + 0.01a 5.84 + 0.32ab 1.73 £ 0.08a 0.1850 % 0.09a 3.43 £ 0.14a 1.71 £ 0.14a
WA 8.56 + 0.15a 6.31 +0.52b 1.54 + 0.05a 0.1775 = 0.04a 3.53+0.18a 1.62 + 0.15a
WR 8.48 + 0.11a 5.31 + 0.08a 1.59 + 0.05a 0.1775 = 0.06a 3.24 + 0.24a 1.73 £ 0.05a
NA 8.19+0.11a 5.91 £ 0.19ab 1.50 + 0.02a 0.1811 = 0.05a 5.17 £ 0.14b 2.27 £0.13a
NAWA 8.33 £ 0.36a 7.34 +0.16b 1.52 £ 0.04a 0.1825 £ 0.03a 5.51+0.07b 2.11 £ 0.09a
NAWR 8.08 £ 0.14a 5.91 + 0.14ab 1.50 £ 0.04a 0.1800 = 0.03a 5.25+0.17b 2.34+£0.18a
10-20 cm CK 8.72£0.01a 5.72 £ 0.41a 1.52 £ 0.05a 0.1625 = 0.06a 3.52+£0.07a 1.89 £ 0.09a
WA 8.76 £ 0.09a 6.95 + 0.46b 1.37 £ 0.07a 0.1683 £ 0.05a 3.39+£0.10a 2.03 £ 0.09a
WR 8.62 £ 0.07a 5.63 +0.15a 1.42+£0.11a 0.1600 = 0.04a 3.02+0.16a 2.02 £ 0.03a
NA 8.44 £ 0.15a 5.69 £ 0.38a 1.32 £ 0.02a 0.1823 £ 0.02a 5.25+ 0.20b 2.33£0.16a
NAWA 8.75+0.14a 7.62 +0.50b 1.31 £ 0.14a 0.1692 + 0.02a 5.38 + 0.06b 2.38 £ 0.21a
NAWR 8.26 £ 0.15a 5.67 +0.22a 1.33 £ 0.03a 0.1800 % 0.02a 5.22 +0.29b 2.26 £ 0.17a
20-30 cm CK 8.63 + 0.07a 5.36 £ 0.42a 1.61 £ 0.19a 0.1425 = 0.01a 3.04 £ 0.12a 2.04 + 0.14a
WA 8.83 + 0.04a 7.14 +0.25b 1.46 £ 0.17a 0.1675 + 0.03b 3.38+0.18a 2.07 £ 0.13a
WR 8.63 £ 0.06a 5.09 £ 0.27a 1.26 £ 0.10a 0.1450 = 0.08a 3.18 £ 0.26a 1.91 £ 0.06a
NA 8.44 + 0.1 0a 5.69 £ 0.41a 1.29£0.11a 0.1792 £ 0.04a 3.85 + 0.03ab 2.47 £0.13a
NAWA 8.75+0.10a 7.05+ 0.37b 1.34 £ 0.14a 0.1708 £ 0.03a 4.05 + 0.34b 2.50 £ 0.14a
NAWR 8.24+0.10a 5.15+0.34a 1.25+0.11a 0.1742 £ 0.04a 3.81 + 0.03ab 2.45+0.13a

Note: Different letters in the same column indicate significant differences (P < 0.05) between treatments. WA represents the water addition treatment, WR represents
the water reduction treatment, NA represents the N addition, NAWA represents the N addition and water addition treatment, and NAWR represents the N addition

and water reduction treatment.

https://doi.org/10.1371/journal.pone.0248194.t001

increased by 10.98% (WA), 14.96% (WR), 9.91% (NA), 14.33% (NAWA) and 11.15%
(NAWR). The relative abundance of Cyanobacteria increased by 16.82% under the WR treat-
ment compared with that under CK. We detected no differences in the relative abundance of
any other bacterial phyla between the treatments.

In the 2-5 cm soil layer, the change in soil bacterial phyla was similar to that in the 0-2 cm
soil layer. For example, the relative abundance of Proteobacteria increased by 14.78% under
the WA treatment, but that of Acidobacteria decreased by 7.20% under the WR treatment,
compared with that under the CK. In the 5-30 cm soil layer, the relative abundance of soil bac-
terial phyla was relatively stable except for that of Actinobacteria. Cyanobacteria appeared
mainly in the 0-2 cm soil layer, and its relative abundance decreased gradually with increasing
soil depth. In non-surface soil, the relative abundance of Cyanobacteria was higher than other
treatments under NA and NAWA.
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Fig 2. Redundancy analysis (RDA) of bacteria under different experimental treatments. (a) Species variables with
environmental variables in different treatment soils and the percentage of variances explained by soil variables on the community
structure of bacteria.

https://doi.org/10.1371/journal.pone.0248194.9002

Overall, Actinobacteria, Proteobacteria and Chloroflexi were the dominant bacterial phyla
in the 0-30 cm soil layer, accounting for 47.31%, 12.87% and 6.97% of all bacterial phyla,
respectively. The relative abundance of Actinobacteria was stable among different treatments.
Compared with that under the CK, the relative abundance of Proteobacteria increased by
8.37% (WA) and 7.31% (NAWA).

3.3 Network analysis of soil bacterial communities

The visualized networks of soil bacterial communities showed the roles of different phyla and
their interactions with the other phyla under different treatments (Fig 5). There were obvious
differences among the six empirical networks of the bacterial communities under the CK, NA,
WA, WR, NAWA and NAWR treatments and their corresponding random networks in terms
of the average path distance, average clustering coefficient, and average modularity (Table 2).
Compared with the CK treatment, the topological structure of the soil bacterial network under
different treatments showed greater differences, corresponding to differences in the major
characteristics of bacterial communities (Fig 5, Table 2). The total number of links in the WA
network increased by 11.76% (Table 2) compared with that in the CK network, whereas there
were no obvious changes in the average connectivity. The total number of links and average
connectivity in the NAWA treatment network increased by 7.19% and 1.33 compared with
those in the CK network, respectively. In the WR treatment network, these values decreased
by 9.15% and 3.76, respectively, and in the NAWR treatment network, these values decreased
by 14.05% and 3.95, respectively. The percentage of negative links in the WA, NAWA and
NAWR networks decreased, whereas that in the WR network increased. The average path
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Fig 3. Diversity and genera richness of soil bacterial communities in five soil layers (a-e) and the entire 30-cm soil layer (f) under different
experimental treatments. The experimental treatments included: the control (CK), water addition (WA), water reduction (WR), N addition (NA),
both N addition and water addition (NAWA), and both N addition and water reduction (NAWR).

https://doi.org/10.1371/journal.pone.0248194.g003

distance of WA and NAWA networks decreased, while the average path distance of WR and
NAWR networks increased. Compared with the CK network, the modularity of these five net-

works have been improved.

The Zi-Pi plot in Fig 6 showed the distribution of bacteria based on their topological roles
in soil bacterial networks. As shown in Fig 6, the majority of the nodes (> 95%) under differ-
ent treatment networks were categorized as peripherals (specialists, Zi < 2.5 and Pi < 0.62,
indicating nodes with only a few links that are predominant to other nodes within their mod-
ules). 21 nodes were classified as connectors (generalists, Zi < 2.5 and Pi > 0.62, which are
predominantly linked to several modules). Fifteen of these 21 nodes belonged to Planctomy-
cetes (3 OTU), Proteobacteria (2 OTU), Bacteroidetes (2 OTU), Chloroflexi (4 OTU),
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Fig 4. Bacterial community composition at the phylum level in different soil layers under different experimental
treatments. (a) Relative abundance of the top 10 bacterial phyla and others in five soil layers: 0-2, 2-5, 5-10, 10-20 and 20-30
cm. (b) Relative abundance of the top 10 bacterial phyla and others in the entire 0-30-cm soil layer. The experimental
treatments included the control (CK), water addition (WA), water reduction (WR), N addition (NA), both N addition and
water addition (NAWA), and both N addition and water reduction (NAWR).

https://doi.org/10.1371/journal.pone.0248194.9004

Acidobacteria (2 OTU), Actinobacteria (1 OTU) and Cyanobacteria (1 OTU) from the WR
treatment network; two belonged to Proteobacteria (1 OTU) and Verrucomicrobia (1 OTU)
from the WA treatment network; three belonged to Chlorobi (1 OTU), Chloroflexi (1 OTU)
and Cyanobacteria (1 OTU) from the NA treatment network and one belonged to Bacteroi-
detes (1 OTU) from the CK treatment network. Our results suggest that there was no node in
the network hub (super generalists, Zi > 2.5 and Pi > 0.62) category that existed as both a
module hub and connector. As expected, more connectors (generalists) existed in the water
regulation networks than in the CK network.

4 Discussion

In the 10-year experiment, we studied the effects of precipitation changes and N deposition on
the soil bacterial community in the desert steppe environment. The results showed that precip-
itation changes and N deposition not only potentially affect the composition and diversity of
soil bacterial communities, but also change their ecological network, and thus affect the
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Fig 5. Ecological networks of bacterial communities under different experimental treatments. The experimental treatments
included the control (CK), water addition (WA), water reduction (WR), N addition (NA), both N addition and water addition
(NAWA), and both N addition and water reduction (NAWR). Network plots were drawn using using the “igraph” and “psych”
package in the R environment. The node colors represent bacterial phyla of the operational taxonomic units (OTUs). The node
size is proportional to the square root of the abundance of the OTU. The red edges indicate positive relationships and green
edges indicate negative relationships. The thickness of the connection between two phyla represents the size of the correlation
coefficient. (All depths of the same treatment are included).

https:/doi.org/10.1371/journal.pone.0248194.g005

stability of soil bacterial community. This indicates that the obscure mechanisms underlying
microbial responses to global change should be analyzed.

4.1 Effects of precipitation changes on the soil bacterial community

Our study area is located in arid and semi-arid steppes where the water content is a major lim-
iting factor of steppe productivity. We expected that drought simulation for 8 consecutive
years would significantly reduce the diversity of soil microbial communities, but our results
were contrary to our expectations. Our results indicated that the diversity of the soil bacterial
community was sensitive to increased precipitation, but they showed a strong tolerance to
drought. This might be because soil bacteria inhabiting the arid environment long term have a
great potential for drought tolerance. The distribution of precipitation throughout the year in
our experimental area was uneven. More than 75% of the measured rainfall occurred from
June to September (S1 Fig). Long-term and frequent drying-wetting cycle stress might be one
of the reasons that the microbial community has great potential for drought tolerance [32].
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Table 2. Major properties of bacterial networks under different experimental treatments and the associated random networks.

CK WA WR NA NAWA NAWR
Empirical networks
Total nodes 27 29 29 28 27 29
Total links 306 342 278 324 328 263
Negative links 44.44% 40.94% 47.48% 40.43% 37.19% 31.18%
Positive links 55.56% 59.06% 52.52% 59.57% 62.81% 68.82%
Avg. connectivity 22.5185 22.2069 18.7586 21.9310 23.8519 18.5714
Avg. path distance 1.7037 1.6921 1.8325 1.8498 1.6296 1.8201
Avg. clustering coefficient 0.7234 0.6732 0.6297 0.7352 0.7622 0.6220
Modularity 0.1529 0.1646 0.2050 0.3708 0.2616 0.3289
Random networks
Avg. path distance 1.5307 1.5709 1.6426 1.5759 1.5046 1.6307
Avg. clustering coefficient 0.7202 0.6754 0.6011 0.6680 0.7423 0.6133
Modularity 0.0392 0.0508 0.0715 0.0480 0.0258 0.0731

Note: CK represents the control, WA represents the water addition treatment, WR represents the water reduction treatment, NA represents the N addition, NAWA

represents the N addition and water addition treatment, and NAWR represents the N addition and water reduction treatment.

https://doi.org/10.1371/journal.pone.0248194.t002

Compared to that in other soils, [32] pointed out that microbes had a greater ability to main-
tain their function in response to repeated water stress in grassland soil. In addition, some
research shows that a change in precipitation has no significant effect on the composition of
the bacterial community of the top soil or rhizosphere soil, but does affect the abundance of
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Fig 6. Zi-Pi plot showing distribution of bacterial classes based on their topological roles in bacterial networks. The
experimental treatments included the control (CK), water addition (WA), water reduction (WR), N addition (NA), both N
addition and water addition (NAWA), and both N addition and water reduction (NAWR). Each symbol represents a class
under different experimental treatments. According to the classifications, all nodes are divided into the following four
categories distributed in four regions: Z > 2.5 and P < 0.62 indicate module hubs (regarded as generalists); Z > 2.5 and

P > 0.62 suggest network connectors (regarded as supergeneralists); Z < 2.5 and P < 0.62 show peripherals (regarded as
specialists); and Z < 2.5 and P > 0.62 indicate connectors (regarded as generalists).

https://doi.org/10.1371/journal.pone.0248194.9006
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bacteria [23,54]. This is consistent with our results. Precipitation changes did not significantly
affect the composition of the soil bacterial community at the phylum level, but only affected a
few species sensitive to soil moisture.

Precipitation change also affected the stability of the soil bacterial community in the desert
steppe. The co-occurrence of bacteria within the community leads to the complexity of the
community structure and maintains the stability of the community [30,37,55]. In terms of
community stability and sensitivity, increased modularity reduced the influence of environ-
mental factors on the entire network and enhanced the stability of the soil bacterial commu-
nity. The shorter average path distance indicated higher sensitivity and more rapid response to
water addition. Increased modularity suggested that water reduction reduced the influence of
environmental factors on the entire network and enhanced the stability of the soil bacterial
community. The longer average path distance indicated a lower sensitivity and slower
response to water reduction. This might be related to the adaptation of bacterial communities
to the drought conditions of desert steppe.

4.2 Effects of water on the soil bacterial communities with N enrichment

Water and N addition increased the influence of environmental factors on the entire network
and weakened the stability of the soil bacterial community, whereas N addition and water
reduction had opposite effects on the stability and sensitivity of the soil bacterial community.
Actually, the effect of water and N on soil microbial communities in desert steppe has been
reported previously. Currently, there are two opinions about the effect of water and N addition
on the soil bacterial communities in desert steppe. First, water and N addition might interac-
tively affect soil microbial communities in semiarid steppe [56]. Second, water and N addition
can have opposite effects on soil bacterial communities [13,27,57]. Our study indicated that N
addition weakened the effect of water addition in terms of bacterial diversity and community
stability, and they did not generate interactive influence. Moreover, N addition and water
reduction together did not affect the diversity and stability of soil bacterial communities; that
is, N deposition and drought did not have a cumulative effect on soil bacterial communities in
desert steppe. This complexity might be related to the efficiency of water and N use in soil.
Although precipitation enrichment could compensate the N requirement for microbe growth
in arid soil by promoting N mineralization, increasing water availability induces substrate loss
through nitrate leaching [58]. It has been demonstrated that precipitation conditions could
lead to nutrients loss, thereby inducing soil nutrient deficiency [59]. These results indicated
that precipitation plays an essential role in nutrient budget, which in turn influences microbial
functional groups. In addition, precipitation regimes could alleviate the negative effects of soil
pH induced by N addition on soil microbial communities [60]. Thus, the absence of interactive
effects confirmed that the response of the soil microbial community to N addition could be
mediated by precipitation management in desert steppe.

Moreover, N addition has a negligible effect on soil bacterial communities, which can also
be explained by the limitation in soil C. As reported previously, N addition can also lead to a
decrease in soil microbial community biomass and activity in systems that are C limited [61].
Total soil N and C concentrations were not significantly influenced by N addition in our field
experiment site. A previous study has shown that N addition caused an increase in above-
ground net primary productivity, but root biomass did not proportionally increase with above-
ground biomass in desert steppe [62]. This can explain why the total soil C concentration did
not increase consistently in plots with N addition. Heterotrophic microbes are thought to be C
limited when the C:N ratio is below 30, and N limited when the C:N ratio is above 30 [63]. The
C:N ratio in our study ranged from 7.35 to 9.98. At the same time, the results of redundancy
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analysis (RDA) (Fig 2B) also showed that total organic carbon was significantly correlated with
the bacterial community structure (P < 0.05). These results suggest that soil microbes in our
study were C limited, which might greatly influence the soil microbe community in desert

steppe.

4.3 Responses of the keystone bacteria to precipitation changes and N
deposition

Generalists are considered to be key organisms in a community [50]. In this study, 21 nodes
from the WR, WA and CK treatments were categorized as connectors (generalists), which
were highly connected to several modules. The 21 generalists represented nine phyla, viz.
Planctomycetes, Proteobacteria, Bacteroidetes, Chloroflexi, Acidobacteria, Actinobacteria,
Chlorobi, Cyanobacteria and Verrucomicrobia, which can be the key phyla affecting the stabil-
ity of soil microbial communities in desert steppe.

At the same time, the difference in the relative abundance of bacteria in the community
composition is also an indicator to determine the keystone bacteria. We found that there are
seven bacterial phyla that account for more than 90% of the total community, namely Actino-
bacteria, Proteobacteria, Cyanobacteria, Chloroflexi, Acidobacteria, Planctomycetes and Gem-
matimonadetes. Among them, the relative abundance of Actinobacteria, Proteobacteria,
Acidobacteria and Cyanobacteria greatly differed with precipitation changes and N deposition
treatments. In addition, the intersection of the key phyla that affect the ecological network and
community composition may be the most important keystone bacteria responding to changes
in precipitation and N deposition in desert desert steppe. In this study, we found that these
four phyla are the keystone phyla of the ecological network, and the relative abundance of
their bacterial communities will change with precipitation and N deposition treatments.
Therefore, Actinobacteria, Proteobacteria, Acidobacteria and Cyanobacteria are the key phyla
affecting the composition of soil microbial communities in desert steppe.

In fact, there are still many deficiencies in our research on network analysis. The effects of
water-nitrogen on the stability and sensitivity of the ecological network can help us understand
the overall response of soil bacterial communities to environmental changes. At the same time,
keystone species that respond significantly to environmental changes can be identified.
Although we can identify keystone phyla by the method of network analysis, we still cannot
recognize sensitive species and conservative species in keystone phyla. We still think it is a
practical approach to narrow down the range of key species. The key species we identified
need to be further validated by systematic experiments.

5 Conclusions

The response of the composition, diversity, and network of soil bacterial communities to pre-
cipitation change and N deposition exhibited a certain degree of uniqueness in desert steppe.
Decreasing precipitation and increasing N deposition did not exhibit a cumulative effect on
soil bacterial communities in the desert steppe. This means that even if the diversity and func-
tions of the ecosystem are expected to be affected by N deposition in the future, combination
with precipitation may help maintain the stability of the semi-arid steppe ecosystem under cli-
mate change. Based on network analysis and relative abundance, we identified Actinobacteria,
Proteobacteria, Acidobacteria and Cyanobacteria as the most important keystone bacteria
responding to precipitation changes and N deposition in the soil of desert steppe. In future
research, we should focus on the underlying mechanisms of these key phyla to climate change
and find the key species which are sensitive and conservative to global change in the keystone
phyla.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248194 March 17, 2021 14/18


https://doi.org/10.1371/journal.pone.0248194

PLOS ONE

The response of desert steppe to environment

Supporting information

S1 Fig. Monthly precipitation from 2011 to 2016 in the experimental site.
(TIF)

S1 Table. Background nutrients content of upper 30 cm.
(DOCX)

Author Contributions
Conceptualization: Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang.

Data curation: Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang.
Formal analysis: Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang.

Funding acquisition: Zhiwei Gao, Huijun Gu, Chenyu Zhao, Lichun Wang, Guogang Zhang,
Guodong Han.

Investigation: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang.

Methodology: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Meiqi Liu, Fanhui Liu,
Guogang Zhang.

Project administration: Meiging Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang.
Resources: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Meiqi Liu, Guogang Zhang.

Software: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Meiqi Liu, Lina Xie, Guogang
Zhang.

Supervision: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Lina Xie, Guogang Zhang.

Validation: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Lina Xie, Guogang Zhang,
Guodong Han.

Visualization: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Guogang Zhang, Guodong
Han.

Writing - original draft: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Fanhui Liu,
Lichun Wang, Guogang Zhang, Guodong Han.

Writing - review & editing: Meiqing Jia, Zhiwei Gao, Huijun Gu, Chenyu Zhao, Meiqi Liu,
Fanhui Liu, Lina Xie, Lichun Wang, Guogang Zhang, Yuhua Liu, Guodong Han.

References

1.  Dore M. H. . (2005). Climate change and changes in global precipitation patterns: What do we know?
Environment International, 31(8), 1167—1181. https://doi.org/10.1016/j.envint.2005.03.004 PMID:
15922449

2. GruberN., & Galloway J. N. (2008). An Earth-system perspective of the global nitrogen cycle. Nature,
451(7176), 293-296. https://doi.org/10.1038/nature06592 PMID: 18202647

3. Galloway J.N., Dentener F.J., Capone D.G., Boyer E.W., Howarth R.W., Seitzinger S.P., et al. (2004).
Nitrogen cycles: past, present, and future. Biogeochemistry, 70(2), 153—-226.

4. LiuX, ZhangY.,HanW., Tang A., Shen J., Cui Z., et al. (2013). Enhanced nitrogen deposition over
China. Nature, 494(7438), 459-462. https://doi.org/10.1038/nature11917 PMID: 23426264

5. Parry M., Parry M.L., Canziani O., Palutikof J., Van der Linden P., Hanson C. (2007). Climate change
2007-impacts, adaptation and vulnerability: Working group Il contribution to the fourth assessment
report of the IPCC, 4. Cambridge University Press.

6. Jansson, Janet K & Hofmockel, Kirsten S (2019). Soil microbiomes and climate change. Nature
Reviews Microbiology. https://doi.org/10.1038/s41579-019-0265-7 PMID: 31586158

PLOS ONE | https://doi.org/10.1371/journal.pone.0248194 March 17, 2021 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248194.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248194.s002
https://doi.org/10.1016/j.envint.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15922449
https://doi.org/10.1038/nature06592
http://www.ncbi.nlm.nih.gov/pubmed/18202647
https://doi.org/10.1038/nature11917
http://www.ncbi.nlm.nih.gov/pubmed/23426264
https://doi.org/10.1038/s41579-019-0265-7
http://www.ncbi.nlm.nih.gov/pubmed/31586158
https://doi.org/10.1371/journal.pone.0248194

PLOS ONE

The response of desert steppe to environment

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

NuZ.,HouY., ZhangL., LiuT., & Zhou G. (2016). Ecosystem responses to warming and watering in
typical and desert steppes. Scientific Reports, 6(1), 34801.

Jongen M., Pereira J. S., Aires L. M. |, & Pio C. A. (2011). The effects of drought and timing of precipita-
tion on the inter-annual variation in ecosystem-atmosphere exchange in a Mediterranean grassland.
Agricultural and Forest Meteorology, 151(5), 595-606.

Hooper D. U., & Johnson L., (1999). Nitrogen limitation in dryland ecosystems: Responses to geograph-
ical and temporal variation in precipitation. Biogeochemistry, 46(1-3), 247-293.

NiuS., Yang H., Zhang Z., Wu M., Lu Q., Li L., et al. (2009). Non-Additive Effects of Water and Nitrogen
Addition on Ecosystem Carbon Exchange in a Temperate Steppe. Ecosystems, 12(6), 915-926.

Fenn M.E., Haeuber R., Tonnesen G.S., Baron J.S., Grossman-Clarke S., Hope D., et al. (2003). Nitro-
gen emissions, deposition, and monitoring in the western United States. Bioscience, 53(4), 391-403.

Harpole W. S., Potts D. L., & Suding K. N., (2007). Ecosystem responses to water and nitrogen amend-
ment in a California grassland. Global Change Biology, 13(11), 2341-2348.

SunL.J,QiY.C.,DongY.S.,HeY. T, PengQ., Liu X. C., etal. (2015). Interactions of water and nitro-
gen addition on soil microbial community composition and functional diversity depending on the inter-
annual precipitation in a Chinese steppe. Journal of Integrative Agriculture, 14(4), 788-799.

LinY.,HuY.,RenC., GuoL.,Wang C., Jiang Y., et al. (2013). Effects of Nitrogen Application on Chloro-
phyll Fluorescence Parameters and Leaf Gas Exchange in Naked Oat. Journal of Integrative Agricul-
ture, 12(12),2164-2171.

Wang M., Shi S,, Lin F., Hao Z., Jiang P., & Dai G. (2012). Effects of Soil Water and Nitrogen on Growth
and Photosynthetic Response of Manchurian Ash (Fraxinus mandshurica) Seedlings in Northeastern
China. PLoS ONE, 7(2), e30754. https://doi.org/10.1371/journal.pone.0030754 PMID: 22347401

Zhang L., Xie Z., Zhao R., & Zhang Y. (2018). Plant, microbial community and soil property responses
to an experimental precipitation gradient in a desert grassland. Applied Soil Ecology, 127, 87-95.

QiuH.,GeT., LiudJ.,Chen X., Hu Y., Wu J., et al. (2018). Effects of biotic and abiotic factors on soil
organic matter mineralization: Experiments and structural modeling analysis. European Journal of Soil
Biology, 84,27-34.

Van der Heijden M. G. A., Bardgett R. D., & van Straalen N. M. (2008). The unseen majority: soil
microbes as drivers of plant diversity and productivity in terrestrial ecosystems. Ecology Letters, 11(3),
296-310. https://doi.org/10.1111/j.1461-0248.2007.01139.x PMID: 18047587

ZhuZ.,GeT., LiuS,HuY, YeR., Xiao M., et al. (2018). Rice rhizodeposits affect organic matter prim-
ing in paddy soil: The role of N fertilization and plant growth for enzyme activities, CO2 and CH4 emis-
sions. Soil Biology and Biochemistry, 116, 369-377.

Gutknecht J. L. M., Field C. B., & Balser T. C. (2012). Microbial communities and their responses to sim-
ulated global change fluctuate greatly over multiple years. Global Change Biology, 18(7), 2256—2269.

LuF. M., Lu X. T., LiuW., Han X., Zhang G. M., Kong D. L., et al. (2011). Carbon and nitrogen storage
in plant and soil as related to nitrogen and water amendment in a temperate steppe of northern China.
Biology and Fertility of Soils, 47(2), 187—-196.

YAN Guoyong; XING Yajuan; HAN Shijie; ZHANG Junhui; WANG Qinggui; MU Changcheng (2020).
Long-time precipitation reduction and nitrogen deposition increase alter soil nitrogen dynamic by influ-
encing soil bacterial communities and functional groups. Pedosphere, 30(3), 363-377.

ShilL., Zhang H., Liu T., Mao P., Zhang W., Shao Y., et al. (2018). An increase in precipitation exacer-
bates negative effects of nitrogen deposition on soil cations and soil microbial communities in a temper-
ate forest. Environmental Pollution, 235, 293-301. https://doi.org/10.1016/j.envpol.2017.12.083 PMID:
29294455

LiH.,XuZ., Yang S., Li X., Top E. M., Wang R., et al. (2016). Responses of Soil Bacterial Communities
to Nitrogen Deposition and Precipitation Increment Are Closely Linked with Aboveground Community
Variation. Microbial Ecology, 71(4), 974-989. https://doi.org/10.1007/s00248-016-0730-z PMID:
26838999

Baath E., & Kritzberg E. (2015). pH Tolerance in Freshwater Bacterioplankton: Trait Variation of the
Community as Measured by Leucine Incorporation. Applied and Environmental Microbiology, 81(21),
7411-7419. https://doi.org/10.1128/AEM.02236-15 PMID: 26276108

Zhang X., Wei H., Chen Q., & Han X. (2014). The counteractive effects of nitrogen addition and watering
on soil bacterial communities in a steppe ecosystem. Soil Biology and Biochemistry, 72, 26-34.

MaH., Bai G., Sun Y., Kostenko O., Zhu X, Lin S., et al. (2016). Opposing effects of nitrogen and water
addition on soil bacterial and fungal communities in the Inner Mongolia steppe: A field experiment.
Applied Soil Ecology, 108, 128—-135.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248194 March 17, 2021 16/18


https://doi.org/10.1371/journal.pone.0030754
http://www.ncbi.nlm.nih.gov/pubmed/22347401
https://doi.org/10.1111/j.1461-0248.2007.01139.x
http://www.ncbi.nlm.nih.gov/pubmed/18047587
https://doi.org/10.1016/j.envpol.2017.12.083
http://www.ncbi.nlm.nih.gov/pubmed/29294455
https://doi.org/10.1007/s00248-016-0730-z
http://www.ncbi.nlm.nih.gov/pubmed/26838999
https://doi.org/10.1128/AEM.02236-15
http://www.ncbi.nlm.nih.gov/pubmed/26276108
https://doi.org/10.1371/journal.pone.0248194

PLOS ONE

The response of desert steppe to environment

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

47.

48.

MaW., LiJ.,Gao Y., Xing F., Sun S., Zhang T., et al. (2020). Responses of soil extracellular enzyme
activities and microbial community properties to interaction between nitrogen addition and increased
precipitation in a semi-arid grassland ecosystem. Science of The Total Environment, 703, 134691.

Wang Z., Na R., Koziol L., Schellenberg M. P., Li X., Ta N., et al. (2020). Response of bacterial commu-
nities and plant-mediated soil processes to nitrogen deposition and precipitation in a desert steppe.
Plant and Soil.

Hibbing M. E., Fuqua C., Parsek M. R., & Peterson S. B. (2010). Bacterial competition: Surviving and
thriving in the microbial jungle. Nature Reviews Microbiology, 8, 15-25. https://doi.org/10.1038/
nrmicro2259 PMID: 19946288

Chen Qiuyu; Niu Bin; Hu Yilun; Luo Tianxiang; Zhang Gengxin (2020). Warming and increased precipi-
tation indirectly affect the composition and turnover of labile-fraction soil organic matter by directly
affecting vegetation and microorganisms. Science of The Total Environment, 714, 136787. https://doi.
org/10.1016/j.scitotenv.2020.136787 PMID: 31982765

Ouyang Y., & Li X. (2020). Effect of repeated drying-rewetting cycles on soil extracellular enzyme activi-
ties and microbial community composition in arid and semi-arid ecosystems. European Journal of Soil
Biology, 98, 103187.

Freilich S., Kreimer A., Meilijson ., Gophna U., Sharan R., & Ruppin E. (2010). The large-scale organi-
zation of the bacterial network of ecological co-occurrence interactions. Nucleic Acids Research, 38
(12), 3857-3868. https://doi.org/10.1093/nar/gkq118 PMID: 20194113

Fuhrman J. A. (2009). Microbial community structure and its functional implications. Nature, 459
(7244), 193—199. https://doi.org/10.1038/nature08058 PMID: 19444205

Fath B. D., Scharler U. M., Ulanowicz R. E., & Hannon B. (2007). Ecological network analysis: network
construction. Ecological Modelling, 208(1), 49-55.

Cattin M.-F., Bersier L.-F., BanaSek-Richter C., Baltensperger R., & Gabriel J.-P. (2004). Phylogenetic
constraints and adaptation explain food-web structure. Nature, 427(6977), 835—839. https://doi.org/10.
1038/nature02327 PMID: 14985761

Barberan A., Bates S. T., Casamayor E. O., & Fierer N. (2012). Using network analysis to explore co-
occurrence patterns in soil microbial communities. The ISME Journal, 6(2), 343-351. https://doi.org/
10.1038/ismej.2011.119 PMID: 21900968

LuL., Yin S, Liu X., Zhang W., Gu T., Shen Q., et al. (2013). Fungal networks in yield-invigorating and
-debilitating soils induced by prolonged potato monoculture. Soil Biology and Biochemistry, 65, 186—
194.

Wang X., Zheng Q., Yuan Y., Hai R., & Zou D. (2017). Bacterial community and molecular ecological
network in response to Cr203 nanoparticles in activated sludge system. Chemosphere, 188, 10-17.
https://doi.org/10.1016/j.chemosphere.2017.08.072 PMID: 28865788

Montoya J. M., Pimm S. L., & Solé R. V. (2006). Ecological networks and their fragility. Nature, 442
(7100), 259-264. https://doi.org/10.1038/nature04927 PMID: 16855581

ZhuZ.L., & Chen D.L. (2002). Nitrogen fertilizer use in China—Contributions to food production,
impacts on the environment and best management strategies. Nutrient Cycling in Agroecosystems, 63
(2-3), 117-127.

Caporaso J. G., Lauber C. L., Walters W. A., Berg-Lyons D., Huntley J., Fierer N., et al. (2012). Ultra-
high-throughput microbial community analysis on the lllumina HiSeq and MiSeq platforms. The ISME
Journal, 6(8), 1621—1624. https://doi.org/10.1038/isme}.2012.8 PMID: 22402401

Bolger A. M., Lohse M., & Usadel B. (2014). Trimmomatic: a flexible trimmer for lllumina sequence
data. Bioinformatics, 30(15), 2114—2120. https://doi.org/10.1093/bioinformatics/btu170 PMID:
24695404

Magoc T., & Salzberg S. L. (2011). FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics, 27(21), 2957—-2963. https://doi.org/10.1093/bioinformatics/btr507 PMID:
21903629

Quast C., Pruesse E., Yilmaz P., Gerken J., Schweer T, Yarza P, et al. (2013). The SILVA ribosomal
RNA gene database project: improved data processing and web-based tools. Nucleic Acids Research,
41(D1), D590-D596. https://doi.org/10.1093/nar/gks1219 PMID: 23193283

Edgar R. C., Haas B. J., Clemente J. C., Quince C., & Knight R. (2011). UCHIME improves sensitivity
and speed of chimera detection. Bioinformatics, 27(16), 2194—2200. https://doi.org/10.1093/
bioinformatics/btr381 PMID: 21700674

Edgar R. C. (2013). UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nature
Methods, 10(10), 996-998. https://doi.org/10.1038/nmeth.2604 PMID: 23955772

Guimera R., & Nunes Amaral L. A. (2005). Functional cartography of complex metabolic networks.
Nature, 433(7028), 895-900. https://doi.org/10.1038/nature03288 PMID: 15729348

PLOS ONE | https://doi.org/10.1371/journal.pone.0248194 March 17, 2021 17/18


https://doi.org/10.1038/nrmicro2259
https://doi.org/10.1038/nrmicro2259
http://www.ncbi.nlm.nih.gov/pubmed/19946288
https://doi.org/10.1016/j.scitotenv.2020.136787
https://doi.org/10.1016/j.scitotenv.2020.136787
http://www.ncbi.nlm.nih.gov/pubmed/31982765
https://doi.org/10.1093/nar/gkq118
http://www.ncbi.nlm.nih.gov/pubmed/20194113
https://doi.org/10.1038/nature08058
http://www.ncbi.nlm.nih.gov/pubmed/19444205
https://doi.org/10.1038/nature02327
https://doi.org/10.1038/nature02327
http://www.ncbi.nlm.nih.gov/pubmed/14985761
https://doi.org/10.1038/ismej.2011.119
https://doi.org/10.1038/ismej.2011.119
http://www.ncbi.nlm.nih.gov/pubmed/21900968
https://doi.org/10.1016/j.chemosphere.2017.08.072
http://www.ncbi.nlm.nih.gov/pubmed/28865788
https://doi.org/10.1038/nature04927
http://www.ncbi.nlm.nih.gov/pubmed/16855581
https://doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
https://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btr507
http://www.ncbi.nlm.nih.gov/pubmed/21903629
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
http://www.ncbi.nlm.nih.gov/pubmed/21700674
https://doi.org/10.1038/nmeth.2604
http://www.ncbi.nlm.nih.gov/pubmed/23955772
https://doi.org/10.1038/nature03288
http://www.ncbi.nlm.nih.gov/pubmed/15729348
https://doi.org/10.1371/journal.pone.0248194

PLOS ONE

The response of desert steppe to environment

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

ZhouJ.,Deng Y., LuoF.,He Z., Tu Q., & Zhi X. (2010). Functional Molecular Ecological Networks.
mBio, 1(4). https://doi.org/10.1128/mBio0.00169-10 PMID: 20941329

ZhouJ.,Deng Y., LuoF.,He Z., & Yang Y. (2011). Phylogenetic Molecular Ecological Network of Soil
Microbial Communities in Response to Elevated CO2. mBio, 2(4). https://doi.org/10.1128/mBio.00122-
11 PMID: 21791581

DengY.,JiangY.H., Yang Y., He Z., Luo F., Zhou J., 2012. Molecular ecological network analyses.
Bmc Bioinformatics, 13(113). https://doi.org/10.1186/1471-2105-13-113 PMID: 22646978

Qian X,, Li S., WuB.,Wang Y., JiN., Yao H., et al. (2020). Mainland and island populations of Mus-
saenda kwangtungensis differ in their phyllosphere fungal community composition and network struc-
ture. Scientific Reports, 10(1), 952—965. https://doi.org/10.1038/s41598-020-57622-6 PMID:
31969602

Shannon C.E. & Weaver W. (1949). The Mathematical Theory of Communication. University of lllinois
Press, Urbana.

Wang N., Wang M., Li S., Sui X., Han S., & Feng F. (2014). Effects of variation in precipitation on the
distribution of soil bacterial diversity in the primitive Korean pine and broadleaved forests. World Journal
of Microbiology and Biotechnology, 30(11), 2975-2984. https://doi.org/10.1007/s11274-014-1725-x
PMID: 25169822

Schmitt S., Tsai P., Bell J., Fromont J., llan M., Lindquist N., et al. (2012). Assessing the complex
sponge microbiota: Core, variable and species-specific bacterial communities in marine sponges. ISME
Journal, 6, 564-576. https://doi.org/10.1038/ismej.2011.116 PMID: 21993395

BiJ., Zhang N, Liang Y., Yang H., & Ma K. (2012). Interactive effects of water and nitrogen addition on
soil microbial communities in a semiarid steppe. Journal of Plant Ecology, 5(3), 320-329.

SunY.F., ShendJ.P.,Zhang C. J., Zhang L. M., BaiW. M., Fang Y., et al. (2018). Responses of soil
microbial community to nitrogen fertilizer and precipitation regimes in a semi-arid steppe. Journal of
Soils and Sediments, 18(3), 762-774.

Austin A. T., Yahdjian L., Stark J. M., Belnap J., Porporato A., Norton U., et al. (2004). Water pulses and
biogeochemical cycles in arid and semiarid ecosystems. Oecologia, 141(2), 221-235. https://doi.org/
10.1007/s00442-004-1519-1 PMID: 14986096

MaQ., YuW.T., ShenS. M., ZhouH., Jiang Z. S., & Xu Y. G. (2010). Effects of fertilization on nutrient
budget and nitrogen use efficiency of farmland soil under different precipitations in Northeastern China.
Nutrient Cycling in Agroecosystems, 88(3), 315-327.

Bjorsne A.K., Rutting T., & Ambus P. (2014). Combined climate factors alleviate changes in gross soil
nitrogen dynamics in heathlands. Biogeochemistry, 120(1-3), 191-201.

Kuzyakov Y., & Xu X. (2013). Competition between roots and microorganisms for nitrogen: mecha-
nisms and ecological relevance. New Phytologist, 198(3), 656—669. https://doi.org/10.1111/nph.12235
PMID: 23521345

Chen Q., Hooper D. U., & Lin S. (2011). Shifts in Species Composition Constrain Restoration of Over-
grazed Grassland Using Nitrogen Fertilization in Inner Mongolian Steppe, China. PLoS ONE, 6(3),
e16909. https://doi.org/10.1371/journal.pone.0016909 PMID: 21390304

Kaye J. P., & Hart S. C. (1997). Competition for nitrogen between plants and soil microorganisms.
Trends in Ecology & Evolution, 12(4), 139—-143. https://doi.org/10.1016/s0169-5347(97)01001-x PMID:
21238010

PLOS ONE | https://doi.org/10.1371/journal.pone.0248194 March 17, 2021 18/18


https://doi.org/10.1128/mBio.00169-10
http://www.ncbi.nlm.nih.gov/pubmed/20941329
https://doi.org/10.1128/mBio.00122-11
https://doi.org/10.1128/mBio.00122-11
http://www.ncbi.nlm.nih.gov/pubmed/21791581
https://doi.org/10.1186/1471-2105-13-113
http://www.ncbi.nlm.nih.gov/pubmed/22646978
https://doi.org/10.1038/s41598-020-57622-6
http://www.ncbi.nlm.nih.gov/pubmed/31969602
https://doi.org/10.1007/s11274-014-1725-x
http://www.ncbi.nlm.nih.gov/pubmed/25169822
https://doi.org/10.1038/ismej.2011.116
http://www.ncbi.nlm.nih.gov/pubmed/21993395
https://doi.org/10.1007/s00442-004-1519-1
https://doi.org/10.1007/s00442-004-1519-1
http://www.ncbi.nlm.nih.gov/pubmed/14986096
https://doi.org/10.1111/nph.12235
http://www.ncbi.nlm.nih.gov/pubmed/23521345
https://doi.org/10.1371/journal.pone.0016909
http://www.ncbi.nlm.nih.gov/pubmed/21390304
https://doi.org/10.1016/s0169-5347%2897%2901001-x
http://www.ncbi.nlm.nih.gov/pubmed/21238010
https://doi.org/10.1371/journal.pone.0248194

