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Abstract: Acid rain (AR), as a global environmental threat, has profoundly adverse effects on natural
soil ecosystems. Microorganisms involved in the nitrogen (N) cycle regulate the global N balance and
climate stabilization, but little is known whether and how AR influences the structure and complexity
of these microbial communities. Herein, we conducted an intact soil core experiment by manipulating
the acidity of simulated rain (pH 7.5 (control, CK) vs. pH 4.0 (AR)) in subtropical agricultural
soil, to reveal the differences in the structure and complexity of soil nitrifying and denitrifying
microbiota using Illumina amplicon sequencing of functional genes (amoA, nirS, and nosZ). Networks
of ammonia-oxidizing archaea (AOA) and nirS-carrying denitrifiers in AR treatment were less
complex with fewer nodes and lower connectivity, while network of nosZ-carrying denitrifiers in
AR treatment had higher complexity and connectivity relative to CK. Supporting this, AR reduced
the abundance of keystone taxa in networks of AOA and nirS-carrying denitrifiers, but increased
the abundance of keystone taxa in nosZ-carrying denitrifiers network. However, AR did not alter
the community structure of AOA, ammonia-oxidizing bacteria (AOB), nirS-, and nosZ-carrying
denitrifiers. Moreover, AR did not change soil N2O emissions during the experimental period. AOB
community structure significantly correlated with content of soil available phosphorus (P), while
the community structures of nirS- and nosZ-carrying denitrifiers both correlated with soil pH and
available P content. Soil N2O emission was mainly driven by the nirS-carrying denitrifiers. Our
results present new perspective on the impacts of AR on soil N-cycle microbial network complexity
and keystone taxa in the context of global changes.

Keywords: acid deposition; functional genes; high-throughput sequencing; microbial co-occurrence
networks; N cycle

1. Introduction

Increasing energy consumption induced by continuing industrialization and urbaniza-
tion has caused severe global environmental problems [1]. Of them, acid rain has become a
significant environmental threat, which can profoundly influence global biogeochemical
cycles and human health [1–4]. The anthropogenic emission of SO2 and NOX is the main
contributor to the acid rain [5]. In North America and Europe, SO2 emission has been
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reducing since 1990 due to many international joint control measures, while NOX emission
is still rising as a result of the increasing number of motor vehicles [6,7]. In contrast, in Asia,
with the acceleration of industrialization and urbanization, both SO2 and NOX emissions
exhibit a continuous upward tendency [8–11]. Central and Southern China has received
severe acid rain pollution since 1980s and become the third acid rain region after northeast
America and central Europe across the globe [1,12]. Given that acid rain is predicted to
continue in East Asia (e.g., China, Korea, and Japan) in the future [13], and microbe-driven
biogeochemical functioning of ecosystem is sensitive to global changes [14,15]. Therefore,
there is an urgent need to investigate the impacts of acid rain on ecosystem processes and
functioning (e.g., soil N cycle) and involved microbial community.

Acid rain can affect soil N cycle, thereby influencing climate change [16]. In brushland
and forestland, the N2O emissions could be stimulated by the acid rain (mainly SO2 depo-
sition) [16], while contrasting responses of N2O emissions were observed in subtropical
forestland soils [17]. However, limited studies clarified the responses of N2O emission to
acid rain in the subtropical agricultural soil, which has been regarded as a considerable
source of N2O emission [18]. Therefore, our understanding of underlying mechanisms
of N2O emissions remains inadequate, and represents uncertainties in predicting the soil
N-climate feedback under acid rain. Given the roles of microorganisms in regulating
the exchanges of elements (e.g., C, N, and P) between the terrestrial and atmospheric
pool, uncovering the responses of N-cycle microbial communities to acid rain is crucial
for understanding the global N cycle. Previous studies have demonstrated that acid rain
may affect soil microorganisms involved in N cycle by altering the soil properties and
substrate availability. Of them, soil pH, as the key factor, profoundly influences the mi-
crobial abundance, community composition and activity [19,20]. Additionally, acid rain
may alter soil substrate availability to ammonia oxidizers and denitrifiers through NO3

−

leaching and plant N (e.g., dissolved organic N, NH4
+, and NO3

−) uptake from soil [21,22].
Generally, acid rain may negatively affect soil microbial communities by: (1) decreasing the
soil pH, and increasing the exchangeable H+ and Al3+ [23], and (2) leaching the important
base cations (e.g., K, Ca, Na, and Mg) [24,25]. Conversely, some studies reported that
acid rain increased soil microbial diversity and richness [26], and stimulated microbial
communities (e.g., bacteria) in short term [1], while some other studies found that acid rain
did not influence the soil microorganisms [27]. Nevertheless, whether and how the N-cycle
microbial communities respond to acid rain is still far from fully understood.

It is well established that soil N biogeochemical cycle includes nitrification and deni-
trification [21]. Of them, ammonia oxidation process (from NH3 to hydroxylamine, rate-
limiting step of nitrification) is dominated by both ammonia-oxidizing archaea (AOA)
and bacteria (AOB), and is marked by amoA gene [19]. Furthermore, in denitrification,
nitrite-reducing denitrifiers that carry nirK and nirS genes participate in the N2O pro-
duction, while nitrous oxide-reducing denitrifiers that carry nosZ gene control the N2O
reduction [21]. However, most previous studies only focused on the microbial alpha- or
beta-diversity, while the response of microbial co-occurrence relationship to acid rain is
still unclear. Soil microbes do not exist in isolation but through mutualism, competition, or
commensalism [28,29]. Microbial network dynamics are driven by extrinsic factors, such as
host and plant community [30]. In addition, microbe–microbe interactions exert a consider-
able influence on microbiota structure and its ecological function, such as the resilience and
resistance to external environmental stress [30]. Given that network analysis can unravel
the complex microbe–microbe associations from their abundances across samples beyond
the traditional analytical approaches, co-occurrence network analysis has become a widely
applied technique to detect the potential associations among soil microbes [31]. In general,
the microbiota can be divided into several different clusters/modules, which are internally
highly interconnected. In addition, compared with environmental variables, microbial
interactions may be more important in shaping community structure [32–35]. Yet, to our
knowledge, whether and how acid rain affects the microbial co-occurrences networks in N
cycle are still enigmatic.
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In this study, we conducted an intact soil cores experiment to clarify the impacts of
acid rain on the N-cycle microbial communities structure and complexity in ammonia
oxidation and denitrification. We aimed to resolve the following questions: (1) Do N-cycle
microbial co-occurrence network complexity and the abundance of keystone taxa change
under acid rain? (2) Does acid rain alter the community structure of microbiota involved in
ammonia oxidation and denitrification? (3) What are the main drivers of soil N2O emission
under acid rain?

2. Materials and Methods
2.1. Collection of Soil Cores

Ten intact soil cores were taken from Zengcheng Teaching and Research Farm (113◦38′

E, 23◦14′ N) using polyvinyl chloride (PVC) tubes (60 cm of inside diameter, and 40 cm of
depth) on July 2, 2017. This region, characterized by subtropical monsoon climate, experi-
enced a mean annual temperature of 22 ◦C and mean annual precipitation of 1976.8 mm [36].
The soil in this region is lateritic red soil according to the Chinese soil taxonomic classifica-
tion (Oxisols based on USDA soil taxonomy), and has been used for agricultural practices
for several years [36]. The detailed field collection protocols and initial soil properties can
be found in a previous study [37].

2.2. Experimental Design

After collection, all soil cores were transferred to a greenhouse (113◦21′ E, 23◦10′ N) of
South China Agricultural University. After three months of equilibration [37], we applied
two treatments to these soil cores: acid rain of pH 4.0 (AR) vs. non-acid addition (control,
CK, local tap water, the average pH approximates to 7.5). Each treatment has five replicates.
Acid rain solutions were prepared by mixing 0.5 mol L−1 sulfuric acids and 0.5 mol L−1

nitric acids at 2:1 mol concentration ratio [38], and then diluted by adding local tap water,
and finally the pH values were calibrated to 4.0 using a portable Pro10 pH meter (YSI
Inc./Xylem Inc., Yellow Springs, OH, USA). Throughout the experimental period, a total
623.1 mm acid rain was applied to each soil core according to the annual average acid
precipitation in the past five years (2011–2015) in Guangdong [39,40]. To guarantee that
each soil core is saturated by acid rain or tap water, 5 L of acid rain solution or tap water
was accordingly sprayed into AR or CK soil core every five days with a sprayer since
October 2017.

2.3. Measurement of N2O Flux

We collected N2O from each soil core twice a month from October 2017 to April
2018 using the static opaque chamber, and then determined the emissions by a gas chro-
matograph. Prior to gas collection, we removed all the plants within the PVC collars to
avoid the interference by plants. After that, each cylindrical chamber equipped with an
electric circulating fan was embedded into the groove of the PVC collar. Four 100 mL
gas samples were taken from each sealed chamber with a syringe at 0, 10, 20, and 30 min,
and accordingly injected into the empty aluminum foil bags. Then, 30 mL of gas sample
was transferred from each bag into 15 mL pre-evacuated glass vials. Subsequently, the
N2O concentrations were analyzed in a gas chromatograph. Finally, the N2O fluxes were
calculated according to the established protocols [37].

2.4. Soil Sampling and Soil Physicochemical Properties Analysis

On April 11, 2018, five topsoil (0–10 cm, 2.5 cm of diameter) subsamples from each
soil core were taken, and then mixed as a bulk sample. In total, 10 composite soil samples
were obtained from all the soil cores. The samples were kept in an insulated box fitted
with ice bags, and taken to the laboratory. Subsequently, all fresh soil samples were passed
through a mesh screen (2 mm), and the rocks and plants residues were removed, and then
each soil sample was divided into two parts. One part was air-dried in room temperature
for quantifying soil chemical parameters (i.e., soil pH, available P, available K, alkaline N,
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NH4
+-N, NO3

−-N, and total C and N) following our parallel study [37], the other part was
cryopreserved at −40 ◦C for further DNA extraction.

2.5. DNA Extraction, PCR Amplification, and Functional Genes Sequence Analysis

To identify and quantify the composition of microorganisms involved in N cycle,
high-throughput sequencing of the AOA-amoA, AOB-amoA, nirS, and nosZ genes from all
soil samples was conducted in Illumina MiSeq PE300 sequencing platform (Illumina Inc.,
CA, USA) with the assistances of Allwegene Technology Inc. (Beijing, China). The process
of DNA extraction, PCR amplification, and functional genes sequencing were conducted
according to the protocols described in Shi et al. [41]. The primers and reaction conditions
of functional genes for PCR amplification in our study were presented in Table S1.

The obtained sequences were classified into different OTUs (operational taxonomical
units) based on the 97% similarity level by UCLUST. Furthermore, taxonomic assignment
and annotation of OTUs were achieved with NCBI taxonomy using BLASTN. Finally, we
obtained OTUs feature tables for each functional gene. The raw sequencing data were
deposited into the NCBI Sequence Read Archive (SRA) database with the accession No.
PRJNA632992.

2.6. Network Inference, Construction, and Visualization

Microbial co-occurrence networks were inferred using CoNet v. 1.1.1 beta based on
the OTUs tab-delimited file with taxonomy annotation [42]. In preprocessing and filtering
menu, only OTUs that exist in all replicates of each treatment and had a sum relative
abundance > 0.01% were retained for network analysis [31]. In the methods menu, Spear-
man correlation between all OTU pairs was performed, and the Spearman correlation (r)
threshold was set to 0.7 [31]. After the two steps above, we obtained the initial networks
that consist of all possible edges. Thus, we subsequently assessed the edge significance
to discard invalid edges by launching the computation of permutation and bootstrap dis-
tributions with 1000 iterations, respectively, in the “Randomization” menu. To compute
edge- and measure-specific permutation distributions, we selected the “edgeScores” rou-
tine along with “shuffle_rows” as the resampling method, and enabled “Renormalize” to
alleviate the compositionality bias by a renormalization step [29]. To compute bootstrap
distributions, we changed the “shuffle_rows” and “Renormalize” options to “bootstrap”
and “Filter unstable edges”, respectively. In addition, we accordingly selected “brown”
and “Benjamini-Hochberg” as the p-value merging method and multiple testing correc-
tion method, and set the p-value threshold to 0.05 [31]. Moreover, the permutation file
generated from the previous step was loaded into CoNet as null distributions. Finally,
only edges that passed the above two processes were remained. The nodes in the network
correspond to different OTUs, while the edges correspond to significant correlations among
OTUs. Moreover, the relationships between microbial taxa and soil factors were inferred in
CoNet by importing the soil physicochemical properties via the “Metadata and features”
submenu. “Transpose” and “Match samples” in “Features” option were selected to match
soil physicochemical properties data to the OTUs tab-delimited data. Soil physicochemical
properties were excluded from normalization steps [43].

Microbial co-occurrence networks were visualized using the Cytoscape v. 3.7.2
(https://cytoscape.org/). The “NetworkAnalyzer” tool was used to calculate network
topology parameters (i.e., clustering coefficient, network diameter, shortest path, the av-
erage number of neighbors, and graph density). The OTUs own the highest degree and
closeness centrality, but the lowest betweenness centrality was regarded as the keystone
taxa [44]. In the network of AOA, the OTUs (degree = 5, closeness centrality = 1, and
betweenness centrality = 0) were considered as the keystone taxa. In the network of nirS-
carrying denitrifiers, the OTUs (degree > 10, closeness centrality > 0.354, and betweenness
centrality < 0.103) were considered as the keystone taxa. In the network of nosZ-carrying
denitrifiers, the OTUs (degree > 10, closeness centrality > 0.311, and betweenness central-

https://cytoscape.org/
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ity < 0.096) were considered as the keystone taxa. The co-occurrence networks of AOB
were very small (<10 nodes) and excluded in co-occurrence networks analysis.

2.7. Statistical Analysis

The alpha diversity indices (i.e., richness and evenness indices) of each functional
gene were calculated in R v. 3.5.3 [45]. To compare soil physicochemical properties,
and alpha diversity indices between acid rain and non-acid rain addition treatments,
we used independent-samples t-test using SPSS 25.0 (IBM Corp., Armonk, NY, USA).
Repeated-measures analysis of variances (ANOVA) was used to compare N2O fluxes
among treatments. In addition, Pearson’s correlation analysis was performed to determine
the relationships between the alpha diversity indices and soil physicochemical properties.
Histogram and line chart were made with Origin 8.0 (OriginLab Corporation, Northampton,
MA, USA).

The principle coordinate analysis (PCoA) based on the Bray–Curtis distance matrices
was used to present the changes in the microbial community structure of ammonia oxi-
dizers and denitrifiers among different treatments. Furthermore, we used permutational
multivariate analysis of variance (PERMANOVA) to detect the differences in overall mi-
crobial community structure across treatments. The Mantel test based on the Spearman’s
correlations was performed to explore the relationships between functional community
composition and soil physicochemical property. The PCoA, PERMANOVA, and Mantel
test were conducted using “vegan” package in R.

Structural equation modeling (SEM) was conducted in AMOS 21.0 (SPSS Inc., Chicago,
IL, USA) to determine if and how soil physicochemical properties and N-cycle microorgan-
isms influenced the N2O flux rates. Before modeling, the normal distribution of data was
checked. The observed number of OTUs in each functional gene was used in SEM and was
log-transformed. The goodness of model fits was based on the chi-square test (p > 0.05),
comparative fit index (CFI > 0.95), and root mean square errors of approximation (RMSEA
< 0.05) [46]. Only significant pathways (p < 0.05) were shown in the model.

3. Results
3.1. The AR Effects on Microbial Co-occurrence Networks

The network structure and topology under AR treatment were remarkably different
from that of CK (Figure 1, Table 1). The networks of AOA and nirS-carrying denitrifiers in
AR treatment were less connected and complex than that of CK based on the number of
nodes and edges, and the average number of neighbors (Figure 1A–D, Table 1). In contrast,
the network of nosZ-carrying denitrifiers in the AR treatment had higher complexity and
connectivity relative to the CK (Figure 1E,F, Table 1). The differences in complexity and
connectivity of networks could be ascribed to the abundance of keystone N-cycle taxa.
In the AOA network, the CK harbored six keystone taxa (OTUs) that belonged to the
genus Nitrososphaera, whereas none of these was detected in the AR treatment. Similarly,
in the nirS-carrying denitrifiers network, the CK harbored five keystone taxa (OTUs) that
belonged to the genus Bradyrhizobium, Cupriavidus, Rhodanobacter, Bradyrhizobium, and
Azospira, while none of these was observed in the AR treatment. However, in nosZ-carrying
denitrifiers network, the AR treatment harbored 37 keystone taxa (OTUs), while only 5
in the CK. These keystone taxa in the AR treatment belonged to the genus Azospirillum,
Bradyrhizobium, Mesorhizobium, Achromobacter, Rhodopseudomonas, Haliangium, Intraspo-
rangium, Ralstonia, and Rhizobium, while the keystone taxa in the CK belonged to the genus
Methylobacterium and Bradyrhizobium. In addition, taxa were prone to co-occur (solid edges)
rather than co–exclude (dashed edges) with 57–79% positive associations existing in the
AOA, nirS-, and nosZ-carrying denitrifiers (Figure 1G).
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Figure 1. Co-occurrence networks of the microbial communities in control (CK) and acid rain (AR) treatments. Nodes
represent different OTUs, and OTUs are colored by genus-level taxonomy. Edges indicate the significant (p < 0.05)
relationships among different OTUs. AOA: ammonia-oxidizing archaea (A,B); nirS and nosZ: denitrifiers carrying nirS and
nosZ genes, respectively (C–F). Number of edges (G). CK: non-acid addition, AR: pH 4.0 acid rain.

Table 1. Key topological indices of microbial networks of ammonia-oxidizing archaea (AOA), nirS-, and nosZ-carrying denitrifiers.

Microbial
Community Topological Features

Treatment Nodes a Edges b Clustering
Coefficient c

Network
Diameter d

Shortest
Paths e

Avg. Number of
Neighbors f

Graph
Density g

AOA
CK 35 38 0.424 2 88 2.171 0.064
AR 15 11 0.400 2 24 1.467 0.105

nirS
CK 108 263 0.723 10 5850 4.870 0.046
AR 43 72 0.756 2 164 3.349 0.080

nosZ
CK 143 362 0.773 7 8756 5.063 0.036
AR 149 665 0.701 9 16248 8.926 0.060

a Operational taxonomical units (OTUs) colored based on genus-level taxonomy; b Number of connections/correlations among nodes; c

Denoting the highly interconnected structure of a particular region of a network; d The largest distance between two nodes; e Indicating
how quickly the information can be transferred between two nodes; f Indicating the average connectivity of a node; g The ratio of the
number of edges to the number of possible maximum edges. AOA: ammonia-oxidizing archaea; nirS and nosZ: nirS- and nosZ-carrying
denitrifiers.
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Similar to the microbial co-occurrence network structure, the networks of AOA, nirS-
carrying denitrifiers and associated soil factors in the AR treatment were smaller with less
nodes and edges compared to the CK (Figure 2A–D), while the network of nosZ-carrying
denitrifiers and soil factors in the AR treatment has higher complexity and connectivity
relative to the CK (Figure 2E,F). In addition, the relationships between microbial taxa and
soil pH in the AR treatment differed from the CK. Specifically, in AOA networks, the soil
pH was negatively correlated with all the microbial taxa (e.g., genus Nitrososphaera) in the
CK, while it had positive connectivity to an OTU belonged to the phylum Thaumarchaeota
in the AR treatment (Figure 2A,B). In the nirS-carrying denitrifiers network, the soil pH
was only positively correlated to an OUT belonging to genus Rhodanobacter in CK, while it
positively correlated to the OTUs belonging to genus Bradyrhizobium and Herbaspirillum
in the AR treatment (Figure 2C,D). In the nosZ-carrying denitrifiers network, only an
OTU belonged to the genus Bradyrhizobium and was positively related to soil pH in the
CK, while OTUs belonging to genus Azospirillum, Bradyrhizobium, Mesorhizobium, and
Rhodopseudomonas were positively related to soil pH in the AR treatment (Figure 2E,F,
Figure S1A,B).

3.2. The AR Effects on Microbial Diversity, Community Structure, and N2O Emissions

The AR treatment decreased the number of OTUs and Chao1 richness index of the
AOA-amoA gene (p < 0.05, Figure S2A,B), while it did not change the alpha diversity indices
of AOB-amoA, nirS, and nosZ genes in the experimental soil (Figure S2A–F). The PCoA
analysis showed that the microbial community composition of ammonia oxidizers (AOA
and AOB) and nirS- and nosZ-carrying denitrifiers did not change under AR treatments
(Figure S3). In addition, AR treatment did not alter soil N2O fluxes during the experimental
period (Figure S4).

For AOA, the number of OTUs, Chao1, phylogenetic, and Shannon diversity indices
positively correlated with the soil total N content, while the Shannon diversity, Gini–
Simpson and Shannon’s evenness indices were negatively related to the soil available P
content (p < 0.05, Figure 3). For AOB, the OTUs number, Chao1, and Shannon diversity
indices were negatively related to soil available P content, while Shannon diversity, Gini–
Simpson, and Shannon’s evenness indices positively correlated with the soil temperature
(p < 0.05, Figure 3). For nirS-carrying denitrifiers, the OTUs number, Chao1, Shannon
diversity and Gini–Simpson indices were negatively related to the soil available P content,
while phylogenetic diversity index was positively related to the soil moisture (p < 0.05,
Figure 3). However, in nosZ-carrying denitrifiers, we only observed significantly negative
relationships of Shannon diversity, and Shannon’s evenness indices with the soil moisture
(p < 0.05, Figure 3).
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Figure 2. Co-occurrence networks of microbial communities and soil chemical factors in CK and AR treatments. AP:
available P; AK: available P; AN: alkaline N; NH4

+-N: ammonium-N; NO3
−-N: nitrate-N; TC: total C; TN: total N; C/N: the

ratio of total C to total N; M: soil moisture; EC: soil electrical conductivity; T: soil temperature. Nodes represent OTUs and
soil factors with different shapes, and OTUs are colored by genus-level taxonomy. Edges indicate the significant (p < 0.05)
relationships among different OTUs. AOA: ammonia-oxidizing archaea (A,B); nirS and nosZ: denitrifiers carrying nirS and
nosZ genes, respectively (C–F). CK: non-acid addition, AR: pH 4.0 acid rain.



Microorganisms 2021, 9, 118 9 of 18

Microorganisms 2021, 9, x FOR PEER REVIEW 9 of 18 
 

 

of total C to total N; M: soil moisture; EC: soil electrical conductivity; T: soil temperature. Nodes represent OTUs and soil 
factors with different shapes, and OTUs are colored by genus-level taxonomy. Edges indicate the significant (p < 0.05) 
relationships among different OTUs. AOA: ammonia-oxidizing archaea (A,B); nirS and nosZ: denitrifiers carrying nirS 
and nosZ genes, respectively (C–F). CK: non-acid addition, AR: pH 4.0 acid rain. 

3.2. The AR Effects on Microbial Diversity, Community Structure, and N2O Emissions 
The AR treatment decreased the number of OTUs and Chao1 richness index of the 

AOA-amoA gene (p < 0.05, Figure S2A,B), while it did not change the alpha diversity indi-
ces of AOB-amoA, nirS, and nosZ genes in the experimental soil (Figure S2A–F). The PCoA 
analysis showed that the microbial community composition of ammonia oxidizers (AOA 
and AOB) and nirS- and nosZ-carrying denitrifiers did not change under AR treatments 
(Figure S3). In addition, AR treatment did not alter soil N2O fluxes during the experi-
mental period (Figure S4). 

For AOA, the number of OTUs, Chao1, phylogenetic, and Shannon diversity indices 
positively correlated with the soil total N content, while the Shannon diversity, Gini–
Simpson and Shannon’s evenness indices were negatively related to the soil available P 
content (p < 0.05, Figure 3). For AOB, the OTUs number, Chao1, and Shannon diversity 
indices were negatively related to soil available P content, while Shannon diversity, Gini–
Simpson, and Shannon’s evenness indices positively correlated with the soil temperature 
(p < 0.05, Figure 3). For nirS-carrying denitrifiers, the OTUs number, Chao1, Shannon di-
versity and Gini–Simpson indices were negatively related to the soil available P content, 
while phylogenetic diversity index was positively related to the soil moisture (p < 0.05, 
Figure 3). However, in nosZ-carrying denitrifiers, we only observed significantly negative 
relationships of Shannon diversity, and Shannon’s evenness indices with the soil moisture 
(p < 0.05, Figure 3). 

 
Figure 3. Pearson correlations between alpha diversity indices of functional genes and soil physicochemical properties. 
AP: available P; AK: available K; AN: alkaline N; NH4+-N: ammonium-N; NO3−-N: nitrate-N; TC: total C; TN: total N; M: 
soil moisture; EC: soil electrical conductivity; T: soil temperature. OTUs: observed number of OTUs; Chao1: Chao1 rich-
ness index; PD: phylogenetic diversity index; Shannon: Shannon diversity index; Gini–Simpson: Gini–Simpson index; 
Evenness: Shannon’s evenness index. Cell entries are Pearson correlation coefficients (r) between two indices. Only signif-
icant correlations are shown. * p < 0.05, ** p < 0.01. 

Figure 3. Pearson correlations between alpha diversity indices of functional genes and soil physicochemical properties. AP:
available P; AK: available K; AN: alkaline N; NH4

+-N: ammonium-N; NO3
−-N: nitrate-N; TC: total C; TN: total N; M: soil

moisture; EC: soil electrical conductivity; T: soil temperature. OTUs: observed number of OTUs; Chao1: Chao1 richness
index; PD: phylogenetic diversity index; Shannon: Shannon diversity index; Gini–Simpson: Gini–Simpson index; Evenness:
Shannon’s evenness index. Cell entries are Pearson correlation coefficients (r) between two indices. Only significant
correlations are shown. * p < 0.05, ** p < 0.01.

The links between N-cycle microbial community composition and soil properties were
detected using the Mantel test (Figure 4A). AOB community composition was significantly
correlated with soil available P content (Spearman’s coefficient r = 0.424, p < 0.05, Figure
4A). Both soil pH and available P content were correlated to the microbial community
composition of nirS- and nosZ-carrying denitrifiers (p < 0.05, Figure 4A). However, no sig-
nificant relationships among AOA community composition and soil factors were observed
(Figure 4A).

The SEM analyses indicated that soil total N explained 56% of the total variance of
the abundance of AOA (Figure 4B). The observed changes in soil moisture, available P
content, and abundance of AOA explained 91% of the total variance of the abundance of
nirS-carrying denitrifiers (Figure 4B). In total, 34% of the total variances in the soil N2O
emissions were explained by the change in the abundance of nirS-carrying denitrifiers
(Figure 4B).
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how soil factors and N-cycle microbial abundance affect soil N2O flux rates. AOA, nirS: the OTUs values of ammonia-
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4. Discussion
4.1. Impact of Acid Rain on Microbial Co-occurrence Patterns of AOA, nirS-, and
nosZ-carrying Denitrifiers

Both AOA and nirS-carrying denitrifiers harbor a less complex network with fewer
nodes, while nosZ-carrying denitrifiers develop a more complex network with more highly
connected nodes under acid rain condition. The highly connected N-cycle keystone taxa
play crucial roles in the community composition and functions of soil microbiota, and its
ecological complexity is mostly determined by the number of associations that its members
share [47]. In our study, acid rain reduced the abundance of keystone OTUs in the networks
of AOA and nirS-carrying denitrifiers, while it increased the abundance of keystone OTUs
in the networks of nosZ-carrying denitrifiers. Thus, the distinct networks complexity of
AOA, nirS-, and nosZ-carrying denitrifiers under acid rain condition could be ascribed to
the different abundance of N-cycle keystone taxa in their networks. Although previous
studies have reported changes of keystone taxa abundance in microbial networks under
various environmental conditions [47–49], how the keystone taxa involved in the N cycle
respond to acid rain remains scant [50]. Therefore, an important question is how acid
rain affects the keystone taxa of microbial co-occurrence network in the N cycle. Previous
studies reported that climatic variables (e.g., annual average temperature and precipitation
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and atmospheric CO2 concentrations) [31,51], and edaphic variables (e.g., pH, organic
carbon, and available Ca and Mg) [31,52] had a strong impact on microbial networks and
topological features. Among these, soil pH has been considered as the critical control
on the structure and complexity of microbial communities [31,53]. In addition, a recent
study reported that the keystone taxa in agroecosystems were affected by the soil pH and
phosphorus levels, which drive the reassembly and development of microbes in the soil [47].
Liang et al. [54] found that the network topological parameters (e.g., connectivity, module
numbers, and modularity) were all decreased with increasing the soil acidity (from 6.2 to
5.8) by the oil contamination. Moreover, Nielsen et al. [55] found that biochar additions
could increase the associations between microbial taxa in network due to an increased soil
pH (from 4.6 to 4.8). Thus, we inferred that acid rain-induced soil acidification changed
the number of keystone taxa in the microbial co-occurrence networks. However, there
may exist different pH threshold points of balance between the inhibitory effect of soil
acidification and acid rain-induced positive “fertilization effect” (NO3

- input by acid rain)
in AOA, nirS-, and nosZ-carrying denitrifiers. Based on these relationships, when the
inhibitory effect of soil acidification exceeds the acid rain-induced positive “fertilization
effect” on microbial communities, acid rain reduced the abundance of keystone taxa in
AOA and nirS-carrying denitrifiers networks. Although the soil pH significantly decreased
in our study (from 5.1 to 4.7, Table S2), the abundance of keystone taxa in nosZ-carrying
denitrifiers networks increased rather than decreased as we expected. Thus, acid rain-
induced positive “fertilization effect” may exceed the adverse impacts of soil acidification
on microbial communities, as the soil available P, ammonium-N, and nitrate-N tended to
increase under acid rain exposure (Table S2).

The microbial interactions along with the presence and absence of microbial taxa, may
also determine the intensity of microbial-driven ecosystem functions [32,56,57]. Microbial
interactions could influence ecosystem functioning directly by regulating processes of
energy and material flow, or indirectly by altering the abundances or traits of keystone
taxa [56]. The greater number of interactions among microbial groups usually corresponds
to the higher level of cooperation, and exchange events within microbiota [51,57]. Moreover,
more complex networks are usually more stable under various external environmental
stress [58]. In our study, positive co-occurrence associations prevailed among different
microbial taxa (Figure 1G), resulting in positive feedback and co-oscillation [59]. However,
acid rain reduced the positive connections in AOA and nirS-carrying denitrifiers networks,
while it increased the positive connections in nosZ-carrying denitrifiers network. In this line,
the acid rain may reduce the resistance or resilience of AOA and nirS-carrying denitrifiers to
external stress, while it may increase the resistance or resilience of nosZ-carrying denitrifiers
networks due to a greater functional redundancy. However, further empirical studies are
necessary to complement and corroborate these observations.

4.2. Impact of Acid Rain on Microbial Diversity, Community Structure, and N2O Emissions

Acid rain decreased the OTUs and Chao1 of AOA, while it did not change the alpha
diversity indices of AOB, nirS-, and nosZ-carrying denitrifiers. This could be attributed
to the distinct sensitivities of AOA, AOB, nirS-, and nosZ-carrying denitrifiers to the acid
rain. Previous studies reported that AOA were more vulnerable than AOB to long-term
fertilization treatments in the acidic soils [60,61]. Additionally, Li et al. [50] reported that
acid rain reduced the abundance of AOA-amoA, while it had no effect on the abundances of
AOB-amoA, nirS, and nosZ in lateritic red soil (the same soil type used in our study). Thus,
we speculated that AOB, nirS-, and nosZ-carrying denitrifiers showed a higher resilience to
acid rain, as compared with that of AOA. In addition, we found that the alpha diversity
indices of AOA were mainly related to soil total N content and C/N ratio, while the
diversity indices of AOB, nirS-carrying denitrifiers were mainly related to the soil available
P content (Figure 3). Meanwhile, in our study, acid rain addition changed soil total N
content and C/N ratio, while it did not alter soil available P content (Table S2). Therefore,
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observed distinct sensitivity of AOA, AOB, nirS-, and nosZ-carrying denitrifiers to acid
rain could be ascribed to their different nutritional requirements.

Acid rain did not alter the microbial community structure of AOA, AOB, nirS-, and
nosZ-carrying denitrifiers though the soil pH decreased (from 5.1 to 4.7), which was in line
with the findings of a recent trial conducted in temperate and subtropical forest soils [62].
Previous studies found that environmental factors (e.g., soil pH and C and N availability)
directly or indirectly determined soil microbial communities [63–67], among these, the soil
pH was the strongest driver of microbial composition [65]. Tang et al. [68] demonstrated
that N additions altered the community compositions of AOA when soil pH declined (from
4.6 to 4.3) after N applications in Chinese fir plantation. However, although N additions
significantly decreased the soil pH in the temperate (from 5.3 to 4.9) and subtropical forest
(from 3.9 to 3.8), it did not change the community compositions of AOA, AOB, and nirS-
denitrifier [62]. It is very likely that microbial communities are resistant to the external
environmental changes, and there may be different ecosystem-specific thresholds of soil
pH beneath which the changes in soil pH will not alter the soil microbial communities. In
addition, microbial composition might be resilient and maintain their inherent structure by
increasing the investment of C source once encountered external stress such as changes
in moisture, temperature, pH, and salinity [69]. Furthermore, the results from Mantel
test showed that the alterations in the community structure of AOB, nirS-, and nosZ-
carrying denitrifiers were all highly related to changes in soil available P content, which
was consistent with a previous study [70]. Thus, another possible interpretation for the
unaltered community composition of AOA, AOB, nirS-, and nosZ-carrying denitrifiers
could be the unchanged contents of soil nutrients (e.g., soil available P) under acid rain in
our study (Table S2).

Acid rain did not alter the soil N2O emission during the investigation period of our
study (Figure S4), which was consistent with a previous study [18]. Previous studies
reported that acid rain had promoted, inhibited or had no influence on soil N2O emissions,
mainly depending on the initial soil pH and other soil parameters such as available C
and N, microbial community structure and activity [17,71–75]. In our study, soil N2O
flux was directly driven by the microbial abundance of nirS-carrying denitrifiers (Figure
4B), which was in line with previous reports [76,77]. Meanwhile, the abundance of nirS-
carrying denitrifiers was not changed though the network associations among nirS-carrying
denitrifiers decreased under the acid rain exposure (Figure S2, Figure 1D). In addition,
soil N2O flux was highly correlated with soil NO3

−-N contents in our parallel study [37].
Therefore, the unaltered N2O emissions could be attributed to the indistinctive differences
in the abundance of denitrifiers, and soil chemical properties (especially soil NO3

−-N
contents) under acid rain condition.

4.3. Idiosyncratic Responses of Microbial Co-occurrence Network, Community Structure, and
Function to Acid Rain

There are widely accepted hypotheses in which microbial composition might not affect
ecosystem functioning under disturbances [78]. Microbial community can be resistant (e.g.,
due to redundancy among microbial species) or resilient (i.e., composition changes but
quickly return to its original state) to external changes [78]. Even if microbial composition
changes, communities may continue to support ecosystem processes due to functional
redundancy, in which the new community might be functionally similar to the original (i.e.,
new microbial communities come to fill the ecological roles of original microorganisms),
such that the process is maintained even after some taxa are lost [78]. In our study, we
found that acid rain changed microbial network structure and the abundance of N-cycle
keystone taxa, while it did not alter soil N2O emissions (i.e., function). This indicates that
the microbial network relationships could be highly sensitive to the environmental changes
than the microbial community composition and functions. In addition, it is possible that
the differences in network associations are early indications of changes in the microbial
community structure. Therefore, once acid rain continues, and the acidification exceeds
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the pH thresholds of the soil, it may change the soil microbial network relationships,
community structure, diversity, and functions (e.g., N2O emissions).

However, since recent studies have suggested that taxa in microbial communities may
not be functionally similar [78], we considered that the alleged “functional redundancy”
is a carbon investment tradeoffs strategy among high growth yield, resource acquisition
and stress tolerance, rather than inherent characteristics of microbial communities against
external environmental disturbance. Previous studies confirmed that microorganisms had
a carbon allocation tradeoff among cell growth and stress tolerance, which ultimately could
influence microbial role in the nutrient cycle [69,79]. Therefore, it is possible that carbon
and energy could be preferentially invested to maintain the metabolic activities of microbial
functional groups, which was the potential interpretation why microbial functions did
not change even after alterations in microbial associations. However, once the supply
of external carbon/nitrogen source is insufficient, both the functional and nonfunctional
microbes will be affected, and ultimately having consequences on ecosystem functions.
Therefore, the relationship between microbial community structure and function will be
mainly dependent on the supply of external carbon/nitrogen sources. In our study, acid
rain addition reduced soil total N, while it still did not change soil N2O emissions. Thus,
we inferred that there existed a threshold of carbon/nitrogen, beneath which the existing
available nutrients in the soil were insufficient to support the metabolic activities of the
microbial functional groups, which ultimately led to changes in microbial functions at
some level (e.g., N2O emissions).

Overall, with continuous acid rain input (mainly H+) and no extra carbon/nitrogen
inputs, the community structure and diversity of AOA, AOB, nirS-, and nosZ-carrying
denitrifiers may change, and ultimately having a possible effect on soil N2O emissions.
Firstly, the acid rain-induced soil acidification would change the microbial networks
structure, community composition, and diversity of AOA and nirS-carrying denitrifiers.
As a result, the functions of AOA and nirS-carrying denitrifiers would be restricted or
altered. Therefore, the production of hydroxylamine (NH2OH) and NO may decrease
as the paths of ammonia-oxidation and nitrite reduction are restricted (Figure 5, paths
8 and 10). Meanwhile, the decreased NH2OH may also lead to less production of NO
from nitrifier denitrification (Figure 5, path 9). Consequently, the N2O production may
decrease due to insufficient supply of NO for the process of NO reduction (Figure 5, path
11). Additionally, in our study, the microbial interactions and keystone taxa abundance in
the nosZ-carrying denitrifiers increased, which indicated that the reduction of N2O to N2
would be stimulated with a continuous acid rain exposure (Figure 5, path 12). Ultimately,
the soil N2O emissions may be decreased under acid rain with excess H+ input (Figure
5, path 13). However, these predictions must be complemented and corroborated with
further experiments to uncover their true alterations under acid rain, which is what we are
going to do in the future.
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our study. * p < 0.05. Two-way arrows indicate the ions exchange. Green and red arrows represent the predicted positive
and negative changes with continuous acid rain input, respectively.

5. Conclusions

Acid rain simplified the networks of AOA and nirS-carrying denitrifiers, while increas-
ing the complexity and connectivity of network of nosZ-carrying denitrifiers. Moreover,
AR decreased the keystone taxa abundance in the networks of AOA and nirS-carrying
denitrifiers, while it increased the keystone taxa abundance in the network of nosZ-carrying
denitrifiers. Acid rain did not change the community structure of AOA, AOB, nirS-, and
nosZ-carrying denitrifiers. Meanwhile, acid rain showed no obvious effects on soil N2O
emissions during the experimental period.
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Supplementary Materials: https://www.mdpi.com/2076-2607/9/1/118/s1, Table S1: Primers used
for PCR amplification of archaeal and bacterial amoA, nirS, and nosZ genes sequences; Table S2: Soil
chemical properties among treatments (mean ± SE, n = 5); Figure S1: Subnetwork of microbial taxa
and soil pH in CK (A) and AR (B) treatments. Connections stand for Spearman’s correlation with r
> 0.7 and statistically significant at p < 0.05. Nodes represent OTUs and soil factors with different
shapes, and OTUs are colored by genus-level taxonomy. nosZ: denitrifiers harboring nosZ gene; Figure
S2: The microbial community richness and diversity indices of functional genes among treatments.
OTUs: observed number of OTUs (A); Chao1: Chao1 richness index (B); PD: phylogenetic diversity
index (C); Shannon: Shannon diversity index (D); Gini–Simpson: Gini–Simpson index (E); Evenness:
Shannon’s evenness index (F). CK: non-acid addition, AR: pH 4.0 acid rain. Data were presented as
mean ± standard error (n = 5). ** p < 0.01, * p < 0.05; Figure S3: The principle coordinate analysis
(PCoA) of the microbial communities structure of AOA (A), AOB (B), nirS-harboring denitrifiers (C)
and nosZ-harboring denitrifiers (D). CK: non-acid addition, AR: acid rain of pH 4.0. Five points in
the same color block represent one treatment. The p-values refer to PERMANOVA results; Figure S4:
N2O fluxes over sampling time. CK: non-acid addition, AR: pH 4.0 acid rain. Data were presented as
mean ± standard error (n = 5).

Author Contributions: Conceptualization, J.Z. (Jiaen Zhang), H.W. and Z.L.; Methodology, Z.L. and
H.W. and J.Z. (Jiaen Zhang); Software, Z.L.; Validation, Z.L., H.W. and J.Z. (Jiaen Zhang); Formal
Analysis, Z.L.; Investigation, Z.L., H.W., Y.H., J.Z. (Jiawen Zhong) and R.M.; Resources, J.Z. (Jiaen
Zhang) and H.W.; Data Curation, Z.L.; Writing—Original Draft Preparation, Z.L.; Writing—Review
and Editing, Z.L., H.W., J.Z. (Jiaen Zhang) and M.S.; Visualization, Z.L.; Supervision, J.Z. (Jiaen
Zhang) and H.W.; Project Administration, J.Z. (Jiaen Zhang) and H.W.; Funding Acquisition, J.Z.
(Jiaen Zhang) and H.W. All authors commented on previous versions, and approved the final
manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number U1701236, 32071641), and Science and Technology Planning Project of Guangdong Province
of China (grant number 2019B030301007).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw sequencing data were deposited into the NCBI Sequence Read
Archive (SRA) database with the accession No. PRJNA632992. The data for analysis in this study are
available on request from the corresponding author.

Acknowledgments: We thank Xiaoge Han, and Weiren Wang for their assistance in soil N2O emis-
sions analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, X.; Zhang, B.; Zhao, W.; Wang, L.; Xie, D.; Huo, W.; Wu, Y.; Zhang, J. Comparative effects of sulfuric and nitric acid rain on

litter decomposition and soil microbial community in subtropical plantation of Yangtze River Delta region. Sci. Total Environ.
2017, 601–602, 669–678. [CrossRef]

2. Liu, Z.; Yang, J.; Zhang, J.; Xiang, H.; Wei, H. A bibliometric analysis of research on acid rain. Sustainability 2019, 11, 3077.
[CrossRef]

3. Singh, A.; Agrawal, M. Acid rain and its ecological consequences. J. Environ. Biol. 2008, 29, 15–24.
4. Wei, H.; Ma, R.; Zhang, J.; Zhou, L.; Liu, Z.; Fan, Z.; Yang, J.; Shan, X.; Xiang, H. Quality dependence of litter decomposition and

its carbon, nitrogen and phosphorus release under simulated acid rain treatments. Environ. Sci. Pollut. R. 2020, 27, 19858–19868.
[CrossRef]

5. Xu, H.; Zhang, J.; Ouyang, Y.; Lin, L.; Quan, G.; Zhao, B.; Yu, J. Effects of simulated acid rain on microbial characteristics in a
lateritic red soil. Environ. Sci. Pollut. R. 2015, 22, 18260–18266. [CrossRef]

6. The European Monitoring and Evaluation Programme (EMEP) Officially Reported Emission Trends. Available online: http:
//www.emep.int/ (accessed on 21 January 2019).

7. The, U.S. Environmental Protection Agency (EPA) Our Nation’s Air: Air Quality Improves as America Grows. Available online:
https://gispub.epa.gov/air/trendsreport/2018 (accessed on 21 January 2019).

8. Balasubramanian, R.; Victor, T.; Begum, R. Impact of biomass burning on rainwater acidity and composition in Singapore. J.
Geophys. Res. Atmos. 1999, 104, 26881–26890. [CrossRef]

https://www.mdpi.com/2076-2607/9/1/118/s1
http://doi.org/10.1016/j.scitotenv.2017.05.151
http://doi.org/10.3390/su11113077
http://doi.org/10.1007/s11356-020-08423-x
http://doi.org/10.1007/s11356-015-5066-6
http://www.emep.int/
http://www.emep.int/
https://gispub.epa.gov/air/trendsreport/2018
http://doi.org/10.1029/1999JD900247


Microorganisms 2021, 9, 118 16 of 18

9. Kita, I.; Sato, T.; Kase, Y.; Mitropoulos, P. Neutral rains at Athens, Greece: A natural safeguard against acidification of rains. Sci.
Total Environ. 2004, 327, 285–294. [CrossRef]

10. Sant’Anna-Santos, B.F.; Da Silva, L.C.; Azevedo, A.A.; de Araujo, J.M.; Alves, E.F.; Da Silva, E.A.M.; Aguiar, R. Effects of simulated
acid rain on the foliar micromorphology and anatomy of tree tropical species. Environ. Exp. Bot. 2006, 58, 158–168. [CrossRef]

11. Wei, H.; Ma, R.; Zhang, J.; Saleem, M.; Liu, Z.; Shan, X.; Yang, J.; Xiang, H. Crop-litter type determines the structure and function
of litter-decomposing microbial communities under acid rain conditions. Sci. Total Environ. 2020, 713, 136600. [CrossRef]

12. Ministry of Ecological Environment of the People’s Republic of China. Available online: http://www.mee.gov.cn/ (accessed on 6
June 2019).

13. Network Center for EANET EANET Data on the Acid Deposition in the East Asian Region. Available online: https://monitoring.
eanet.asia/document/public/index (accessed on 26 September 2019).

14. Harper, C.W.; Blair, J.M.; Fay, P.A.; Knapp, A.K.; Carlisle, J.D. Increased rainfall variability and reduced rainfall amount decreases
soil CO2 flux in a grassland ecosystem. Glob. Chang. Biol. 2005, 11, 322–334. [CrossRef]

15. Saleem, M. Microbiome ecosystem ecology: Unseen majority in an anthropogenic ecosystem. In Microbiome Community Ecology:
Fundamentals and Applications; Saleem, M., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 1–11.

16. Cai, Z.; Zhang, J.; Zhu, T.; Cheng, Y. Stimulation of NO and N2O emissions from soils by SO2 deposition. Glob. Chang. Biol. 2012,
18, 2280–2291. [CrossRef]

17. Fan, J.; Xu, Y.; Chen, Z.; Xiao, J.; Liu, D.; Luo, J.; Bolan, N.; Ding, W. Sulfur deposition suppressed nitrogen-induced soil N2O
emission from a subtropical forestland in southeastern China. Agric. Forest Meteorol. 2017, 233, 163–170. [CrossRef]

18. Wang, C.; Wang, W.; Sardans, J.; An, W.; Zeng, C.; Abid, A.A.; Peñuelas, J. Effect of simulated acid rain on CO2, CH4 and N2O
fluxes and rice productivity in a subtropical Chinese paddy field. Environ. Pollut. 2018, 243, 1196–1205. [CrossRef]

19. Nicol, G.W.; Leininger, S.; Schleper, C.; Prosser, J.I. The influence of soil pH on the diversity, abundance and transcriptional
activity of ammonia oxidizing archaea and bacteria. Environ. Microbiol. 2008, 10, 2966–2978. [CrossRef]

20. Liu, B.; Morkved, P.T.; Frostegard, A.; Bakken, L.R. Denitrification gene pools, transcription and kinetics of NO, N2O and N2
production as affected by soil pH. FEMS Microbiol. Ecol. 2010, 72, 407–417.

21. Levy-Booth, D.J.; Prescott, C.E.; Grayston, S.J. Microbial functional genes involved in nitrogen fixation, nitrification and
denitrification in forest ecosystems. Soil Biol. Biochem. 2014, 75, 11–25. [CrossRef]

22. Attard, E.; Recous, S.; Chabbi, A.; De Berranger, C.; Guillaumaud, N.; Labreuche, J.; Philippot, L.; Schmid, B.; Le Roux, X. Soil
environmental conditions rather than denitrifier abundance and diversity drive potential denitrification after changes in land
uses. Glob. Chang. Biol. 2011, 17, 1975–1989. [CrossRef]

23. Liu, X.; Zhao, W.; Meng, M.; Fu, Z.; Xu, L.; Zha, Y.; Yue, J.; Zhang, S.; Zhang, J. Comparative effects of simulated acid rain of
different ratios of SO4

2− to NO3
− on fine root in subtropical plantation of China. Sci. Total Environ. 2018, 618, 336–346. [CrossRef]

24. Liu, X.; Zhou, J.; Li, W.; Xu, J.; Brookes, P.C. The combined effects of urea application and simulated acid rain on soil acidification
and microbial community structure. Environ. Sci. Pollut. Res. 2014, 21, 6623–6631. [CrossRef]

25. Jalali, M.; Naderi, E. The impact of acid rain on phosphorus leaching from a sandy loam calcareous soil of western Iran. Environ.
Earth Sci. 2012, 66, 311–317. [CrossRef]

26. Wang, L.; Chen, Z.; Shang, H.; Wang, J.; Zhang, P. Impact of simulated acid rain on soil microbial community function in Masson
pine seedlings. Electron. J. Biotechn. 2014, 17, 199–203. [CrossRef]

27. Li, Y.; Wang, Y.; Wang, Y.; Wang, B. Effects of simulated acid rain on soil respiration and its component in a mixed coniferous-
broadleaved forest of the three gorges reservoir area in Southwest China. For. Ecosyst. 2019, 6, 32. [CrossRef]

28. Saleem, M.; Moe, L.A. Multitrophic microbial interactions for eco- and agro-biotechnological processes: Theory and practice.
Trends Biotechnol. 2014, 32, 529–537. [CrossRef] [PubMed]

29. Faust, K.; Sathirapongsasuti, J.F.; Izard, J.; Segata, N.; Gevers, D.; Raes, J.; Huttenhower, C. Microbial co-occurrence relationships
in the human microbiome. PLoS Comput. Biol. 2012, 8, e1002606. [CrossRef] [PubMed]

30. 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] [PubMed]

31. Zhang, B.; Zhang, J.; Liu, Y.; Shi, P.; Wei, G. Co-occurrence patterns of soybean rhizosphere microbiome at a continental scale. Soil
Biol. Biochem. 2018, 118, 178–186. [CrossRef]

32. Saleem, M.; Hu, J.; Jousset, A. More than the sum of its parts: Microbiome biodiversity as a driver of plant growth and soil health.
Annu. Rev. Ecol. Evol. Syst. 2019, 50, 145–168. [CrossRef]

33. Chow, C.T.; Kim, D.Y.; Sachdeva, R.; Caron, D.A.; Fuhrman, J.A. Top-down controls on bacterial community structure: Microbial
network analysis of bacteria, T4-like viruses and protists. ISME J. 2014, 8, 816–829. [CrossRef]

34. Lima-Mendez, G.; Faust, K.; Henry, N.; Decelle, J.; Colin, S.; Carcillo, F.; Chaffron, S.; Ignacio-Espinosa, J.C.; Roux, S.; Vincent, F.;
et al. Determinants of community structure in the global plankton interactome. Science 2015, 348, 1262073. [CrossRef]

35. Steele, J.A.; Countway, P.D.; Xia, L.; Vigil, P.D.; Beman, J.M.; Kim, D.Y.; Chow, C.T.; Sachdeva, R.; Jones, A.C.; Schwalbach,
M.S.; et al. Marine bacterial, archaeal and protistan association networks reveal ecological linkages. ISME J. 2011, 5, 1414–1425.
[CrossRef]

36. Wei, H.; Zhang, K.; Zhang, J.; Li, D.; Zhang, Y.; Xiang, H. Grass cultivation alters soil organic carbon fractions in a subtropical
orchard of southern China. Soil Tillage Res. 2018, 181, 110–116. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2004.01.012
http://doi.org/10.1016/j.envexpbot.2005.07.005
http://doi.org/10.1016/j.scitotenv.2020.136600
http://www.mee.gov.cn/
https://monitoring.eanet.asia/document/public/index
https://monitoring.eanet.asia/document/public/index
http://doi.org/10.1111/j.1365-2486.2005.00899.x
http://doi.org/10.1111/j.1365-2486.2012.02688.x
http://doi.org/10.1016/j.agrformet.2016.11.017
http://doi.org/10.1016/j.envpol.2018.08.103
http://doi.org/10.1111/j.1462-2920.2008.01701.x
http://doi.org/10.1016/j.soilbio.2014.03.021
http://doi.org/10.1111/j.1365-2486.2010.02340.x
http://doi.org/10.1016/j.scitotenv.2017.11.073
http://doi.org/10.1007/s11356-014-2573-9
http://doi.org/10.1007/s12665-011-1240-4
http://doi.org/10.1016/j.ejbt.2014.07.008
http://doi.org/10.1186/s40663-019-0192-0
http://doi.org/10.1016/j.tibtech.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25192971
http://doi.org/10.1371/journal.pcbi.1002606
http://www.ncbi.nlm.nih.gov/pubmed/22807668
http://doi.org/10.1038/s41396-019-0407-y
http://www.ncbi.nlm.nih.gov/pubmed/30926920
http://doi.org/10.1016/j.soilbio.2017.12.011
http://doi.org/10.1146/annurev-ecolsys-110617-062605
http://doi.org/10.1038/ismej.2013.199
http://doi.org/10.1126/science.1262073
http://doi.org/10.1038/ismej.2011.24
http://doi.org/10.1016/j.still.2018.04.009


Microorganisms 2021, 9, 118 17 of 18

37. Liu, Z.; Li, D.; Zhang, J.; Saleem, M.; Zhang, Y.; Ma, R.; He, Y.; Yang, J.; Xiang, H.; Wei, H. Effect of simulated acid rain on soil
CO2, CH4 and N2O emissions and microbial communities in an agricultural soil. Geoderma 2020, 366, 114222. [CrossRef]

38. Ministry of Ecology and Environment of the People’s Republic of China Bulletin on the State of China’s Ecological Environment
in 2011. Available online: http://www.mee.gov.cn/ (accessed on 6 June 2019).

39. Guangdong Meteorological Bureau. Available online: http://gd.cma.gov.cn/ (accessed on 6 June 2019).
40. Department of Ecological Environment of Guangdong Province. Available online: https://www.gdep.gov.cn/ (accessed on

6 June 2019).
41. Shi, Y.; Liu, X.; Zhang, Q.; Gao, P.; Ren, J. Biochar and organic fertilizer changed the ammonia-oxidizing bacteria and archaea

community structure of saline–alkali soil in the North China Plain. J. Soil. Sediment. 2019, 20, 12–23. [CrossRef]
42. Faust, K.; Raes, J. CoNet app: Inference of biological association networks using Cytoscape. F1000Research 2016, 5, 1519. [CrossRef]
43. Navarrete, A.A.; Tsai, S.M.; Mendes, L.W.; Faust, K.; de Hollander, M.; Cassman, N.A.; Raes, J.; van Veen, J.A.; Kuramae, E.E. Soil

microbiome responses to the short-term effects of Amazonian deforestation. Mol. Ecol. 2015, 24, 2433–2448. [CrossRef]
44. Berry, D.; Widder, S. Deciphering microbial interactions and detecting keystone species with co-occurrence networks. Front.

Microbiol. 2014, 5, 219.
45. R Core Team R: A language and environment for statistical computing. R Foundation for Statistical Computing. Available online:

https://www.R-project.org/ (accessed on 4 June 2019).
46. Chen, J.; Xiao, G.; Kuzyakov, Y.; Jenerette, G.D.; Ma, Y.; Liu, W.; Wang, Z.; Shen, W. Soil nitrogen transformation responses to

seasonal precipitation changes are regulated by changes in functional microbial abundance in a subtropical forest. Biogeosciences
2017, 14, 2513–2525. [CrossRef]

47. 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.

48. Ma, B.; Wang, H.; Dsouza, M.; Lou, J.; He, Y.; Dai, Z.; Brookes, P.C.; Xu, J.; Gilbert, J.A. Geographic patterns of co-occurrence
network topological features for soil microbiota at continental scale in eastern China. ISME J. 2016, 10, 1891–1901. [CrossRef]

49. Shi, S.; Nuccio, E.E.; Shi, Z.J.; He, Z.; Zhou, J.; Firestone, M.K. The interconnected rhizosphere: High network complexity
dominates rhizosphere assemblages. Ecol. Lett. 2016, 19, 926–936. [CrossRef]

50. Li, Y.; Chen, Z.; He, J.; Wang, Q.; Shen, C.; Ge, Y. Ectomycorrhizal fungi inoculation alleviates simulated acid rain effects on soil
ammonia oxidizers and denitrifiers in Masson pine forest. Environ. Microbiol. 2019, 21, 299–313. [CrossRef]

51. Zhou, J.; Deng, Y.; Luo, F.; He, Z.; Yang, Y. Phylogenetic molecular ecological network of soil microbial communities in response
to elevated CO2. Mbio 2011, 2. [CrossRef]

52. Berendsen, R.L.; Pieterse, C.M.J.; Bakker, P.A.H.M. The rhizosphere microbiome and plant health. Trends Plant Sci. 2012,
17, 478–486. [CrossRef]

53. Jones, R.T.; Robeson, M.S.; Lauber, C.L.; Hamady, M.; Knight, R.; Fierer, N. A comprehensive survey of soil acidobacterial
diversity using pyrosequencing and clone library analyses. ISME J. 2009, 3, 442–453. [CrossRef]

54. Liang, Y.; Zhao, H.; Deng, Y.; Zhou, J.; Li, G.; Sun, B. Long-Term oil contamination alters the molecular ecological networks of soil
microbial functional genes. Front. Microbiol. 2016, 7, 60. [CrossRef]

55. Nielsen, S.; Minchin, T.; Kimber, S.; van Zwieten, L.; Gilbert, J.; Munroe, P.; Joseph, S.; Thomas, T. Comparative analysis of the
microbial communities in agricultural soil amended with enhanced biochars or traditional fertilisers. Agric. Ecosyst. Environ.
2014, 191, 73–82. [CrossRef]

56. Chapin, F.R.; Zavaleta, E.S.; Eviner, V.T.; Naylor, R.L.; Vitousek, P.M.; Reynolds, H.L.; Hooper, D.U.; Lavorel, S.; Sala, O.E.; Hobbie,
S.E.; et al. Consequences of changing biodiversity. Nature 2000, 405, 234–242. [CrossRef]

57. Faust, K.; Raes, J. Microbial interactions: From networks to models. Nat. Rev. Microbiol. 2012, 10, 538–550. [CrossRef]
58. Liu, W.; Graham, E.B.; Dong, Y.; Zhong, L.; Zhang, J.; Qiu, C.; Chen, R.; Lin, X.; Feng, Y. Balanced stochastic versus deterministic

assembly processes benefit diverse yet uneven ecosystem functions in representative agroecosystems. Environ. Microbiol. 2020.
[CrossRef]

59. de Vries, F.T.; Griffiths, R.I.; Bailey, M.; Craig, H.; Girlanda, M.; Gweon, H.S.; Hallin, S.; Kaisermann, A.; Keith, A.M.; Kretzschmar,
M.; et al. Soil bacterial networks are less stable under drought than fungal networks. Nat. Commun. 2018, 9, 3033. [CrossRef]

60. Chen, X.; Zhang, L.; Shen, J.; Wei, W.; He, J. Abundance and community structure of ammonia-oxidizing archaea and bacteria in
an acid paddy soil. Biol. Fert. Soils 2011, 47, 323–331. [CrossRef]

61. He, J.; Shen, J.; Zhang, L.; Zhu, Y.; Zheng, Y.; Xu, M.; Di, H. Quantitative analyses of the abundance and composition of
ammonia-oxidizing bacteria and ammonia-oxidizing archaea of a Chinese upland red soil under long-term fertilization practices.
Environ. Microbiol. 2007, 9, 2364–2374. [CrossRef] [PubMed]

62. Tang, Y.; Yu, G.; Zhang, X.; Wang, Q.; Tian, D.; Tian, J.; Niu, S.; Ge, J. Environmental variables better explain changes in potential
nitrification and denitrification activities than microbial properties in fertilized forest soils. Sci. Total Environ. 2019, 647, 653–662.
[CrossRef] [PubMed]

63. Chen, D.; Xing, W.; Lan, Z.; Saleem, M.; Wu, Y.; Hu, S.; Bai, Y. Direct and indirect effects of nitrogen enrichment on soil organisms
and carbon and nitrogen mineralization in a semi-arid grassland. Funct. Ecol. 2019, 33, 175–187. [CrossRef]

64. Chen, D.; Saleem, M.; Cheng, J.; Mi, J.; Chu, P.; Tuvshintogtokh, I.; Hu, S.; Bai, Y. Effects of aridity on soil microbial communities
and functions across soil depths on the Mongolian Plateau. Funct. Ecol. 2019, 33, 1561–1571. [CrossRef]

http://doi.org/10.1016/j.geoderma.2020.114222
http://www.mee.gov.cn/
http://gd.cma.gov.cn/
https://www.gdep.gov.cn/
http://doi.org/10.1007/s11368-019-02364-w
http://doi.org/10.12688/f1000research.9050.1
http://doi.org/10.1111/mec.13172
https://www.R-project.org/
http://doi.org/10.5194/bg-14-2513-2017
http://doi.org/10.1038/ismej.2015.261
http://doi.org/10.1111/ele.12630
http://doi.org/10.1111/1462-2920.14457
http://doi.org/10.1128/mBio.00122-11
http://doi.org/10.1016/j.tplants.2012.04.001
http://doi.org/10.1038/ismej.2008.127
http://doi.org/10.3389/fmicb.2016.00060
http://doi.org/10.1016/j.agee.2014.04.006
http://doi.org/10.1038/35012241
http://doi.org/10.1038/nrmicro2832
http://doi.org/10.1111/1462-2920.15326
http://doi.org/10.1038/s41467-018-05516-7
http://doi.org/10.1007/s00374-011-0542-8
http://doi.org/10.1111/j.1462-2920.2007.01358.x
http://www.ncbi.nlm.nih.gov/pubmed/17686032
http://doi.org/10.1016/j.scitotenv.2018.07.437
http://www.ncbi.nlm.nih.gov/pubmed/30092521
http://doi.org/10.1111/1365-2435.13226
http://doi.org/10.1111/1365-2435.13359


Microorganisms 2021, 9, 118 18 of 18

65. Ling, N.; Zhu, C.; Xue, C.; Chen, H.; Duan, Y.; Peng, C.; Guo, S.; Shen, Q. Insight into how organic amendments can shape the soil
microbiome in long-term field experiments as revealed by network analysis. Soil Biol. Biochem. 2016, 99, 137–149. [CrossRef]

66. Vanhala, P.; Fritze, H.; Neuvonen, S. Prolonged simulated acid rain treatment in the subarctic: Effect on the soil respiration rate
and microbial biomass. Biol. Fert. Soils 1996, 23, 7–14. [CrossRef]

67. Wang, C.; Guo, P.; Han, G.; Feng, X.; Zhang, P.; Tian, X. Effect of simulated acid rain on the litter decomposition of Quercus
acutissima and Pinus massoniana in forest soil microcosms and the relationship with soil enzyme activities. Sci. Total Environ. 2010,
408, 2706–2713. [CrossRef]

68. Tang, Y.; Zhang, X.; Li, D.; Wang, H.; Chen, F.; Fu, X.; Fang, X.; Sun, X.; Yu, G. Impacts of nitrogen and phosphorus additions on
the abundance and community structure of ammonia oxidizers and denitrifying bacteria in Chinese fir plantations. Soil Biol.
Biochem. 2016, 103, 284–293. [CrossRef]

69. Malik, A.A.; Martiny, J.B.H.; Brodie, E.L.; Martiny, A.C.; Treseder, K.K.; Allison, S.D. Defining trait-based microbial strategies
with consequences for soil carbon cycling under climate change. ISME J. 2019, 14, 1–9. [CrossRef]

70. Petersen, D.G.; Blazewicz, S.J.; Firestone, M.; Herman, D.J.; Turetsky, M.; Waldrop, M. Abundance of microbial genes associated
with nitrogen cycling as indices of biogeochemical process rates across a vegetation gradient in Alaska. Environ. Microbiol. 2012,
14, 993–1008. [CrossRef]

71. Heinen, M. Simplified denitrification models: Overview and properties. Geoderma 2006, 133, 444–463. [CrossRef]
72. Lozanovska, I.; Kuzyakov, Y.; Krohn, J.; Parvin, S.; Dorodnikov, M. Effects of nitrate and sulfate on greenhouse gas emission

potentials from microform-derived peats of a boreal peatland: A 13 C tracer study. Soil Biol. Biochem. 2016, 100, 182–191. [CrossRef]
73. Pu, G.; Saffigna, P.G.; Xu, Z. Denitrification, leaching and immobilisation of 15 N-labelled nitrate in winter under windrowed

harvesting residues in hoop pine plantations of 1–3 years old in subtropical Australia. Forest Ecol. Manag. 2001, 152, 183–194.
[CrossRef]
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