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Abstract: Soil microorganisms play important roles in the plant health and agricultural production.
However, little is known about the complex responses of microbial communities and interaction
networks to different agricultural management practices in tea plantation soils. In the present
study, Illumina Miseq high-throughput sequencing technology and molecular ecological network
(MEN) analysis were used to investigate the soil microbial diversity, community structure and
composition, interaction networks of organic tea plantation (OTP), non-polluted tea plantation (NPTP)
and conventional tea plantation (CTP). Alpha-diversity indices, Chao1 and richness, of OTP soil
were significantly higher than those of NPTP and CTP soils. The beta-diversity analysis showed
there were significant differences among bacterial community structures of OTP, NPTP and CTP
soils. Composition analysis showed that Proteobacteria, Acidobacteria and Chloroflexi were the most
dominant bacteria in all tea plantation soil samples under different management practices, and the
beneficial community compositions of OTP soil were significantly different from NPTP and CTP
soils at the phylum and genus levels. Canonical correspondence analysis (CCA) and mantel test
revealed that TOC and NO3-N contents as well as pH values were the key soil factors to affect
the bacterial community structures of tea plantation soils. Furthermore, network analysis showed
that the network of OTP soil possessed more functionally interrelated microbial modules than
NPTP and CTP soils, indicating that OTP soil possessed the higher ecosystem multi-functionality.
These results provided the theoretical basis and reference for improving soil microbial diversity
and enhancing community multi-functionality in tea plantation soil ecosystems through effective
agricultural management practices.

Keywords: long-term field experiments; high-throughput sequencing; management practice;
microbial diversity; microbial community; network analysis

1. Introduction

As the world’s largest tea (Camellia sinensis) producer and exporter, China is the first country to
discover, utilize and cultivate tea plants in the world [1]. The tea plantation in China covers a total area
of 3680 hectares, and its tea yield is 2609 million tons by the end of 2017, accounting for 60% and 40%
of world’s total tea plantation area and total tea production, respectively. As an important cash crop,
tea plays a critical role in adjusting the structure of agricultural industry, promoting the development
of efficient agriculture, increasing the farmers’ incomes and developing the rural economy in China.
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The traditional intensive agricultural management practices with high inputs of synthetic pesticides
and chemical fertilizers not only lead to serious damage to the ecological environment of the tea
plantation [2,3], but also cause the excessive pesticide residues in tea [4,5], which affect the quality
and value of tea. It is well known that organic agricultural management practices have significant
positive effects on improving the soil structure with the increase of soil organic matter content [6,7],
consequently decreasing the soil erosion and soil nutrient loss [8]. However, one of the major challenges
for organic agricultural management practice is to enhance the soil nutrient availability by improving
soil physicochemical properties [9]. Therefore, it is necessary to improve the quality of tea and enhance
the soil fertility to achieve sustainable development of tea production through the application of
effective agricultural management practices [10].

Soil microorganisms play the essential roles in soil formation and development, farmland material
circulation, fertility evolution, degradation and purification of toxic substances [11,12]. Soil is an
excellent culture medium for the growth and development of various microorganisms due to the
availability of nutrients, water, organic and inorganic matter [13]. Plant roots and soil microorganisms
interact with each other in the rhizosphere, significantly affecting growth, development and health
of plants [14]. The bulk soil microbiota are the main bank of the plant rhizosphere and endophytic
microbiota, and they are driven by different plant genotypes and migrated into plant endophytic
microbiota through niche utilization and interactions with the host [15,16]. The endophytic bacteria
may be microbial symbionts or recessive pathogens of root and stem tissues [17]. Therefore, the
bulk soil microorganisms play an important role in enhancing soil fertility, improving plant nutrient
absorption, enhancing plant stress resistance and resisting soil-borne pathogens [18,19]. In addition,
at present, the study on soil microbial community and composition of tea plantation has become an
important topic in current agricultural production [20,21].

In the present study, we aimed to (i) investigate the microbial diversity, community composition
and structure of tea plantation soils, such as conventional tea plantation (CTP), non-polluted tea
plantation (NPTP) and organic tea plantation (OTP), under different long-term management practices;
(ii) study the effects of different long-term management practices on the physicochemical properties of
tea plantation soils, and establish the correlation between soil properties and microbial community
structure; and (iii) analyze the networks of interactions among resident microbes and differences of
ecological functional modules of tea plantation soil communities under different management practices
through network analysis. We found that there were differences in bacterial diversity, community
structure and composition, network structure and ecological functional groups in bulk soils of tea
plant under different management practices. Our findings provided data support and theoretical
basis for improving the quality and microecological environment of tea plantation soil and promoting
sustainable development of tea industry through effective agricultural practice.

2. Materials and Methods

2.1. Experimental Site and Soil Sampling

A long-term experimental site is located in Changsha County of Changsha city with subtropical
monsoon climate, Hunan Province, China, which is established in 2003. The type of tea plantation soils
is a typical red soil. Three management practices were designed in this experiment as follows: OTP
(organic inputs), NPTP (organic-chemical combined inputs) and CTP (chemical inputs). A detailed
description of three management practices was as follows: OTP, commercial organic fertilizer + cow
manure + pig manure + insect, disease and weed management as approved for organic farming
insecticides (Bacillus thuringiensis, nucleopolyhedrovirus, Beauveria bassiana, matrine, kasugamycin,
valienamineand so on; manual weeding or mowing); NPTP, commercial organic fertilizer + cow
manure + pig manure + urea + ammonium sulfate + potassium sulfate + calcium magnesium +

phosphate fertilizer + calcium superphosphate + insect, disease and weed management as approved
for organic farming insecticides (Bacillus thuringiensis, nucleopolyhedrovirus, Beauveria bassiana,
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matrine, kasugamycin, valienamine and so on; manual weeding or mowing) + herbicides, fungicides
and insecticides were used as recommended insecticides (phoxim, cypermethrin, diflubenzuron,
buprofezin, carbendazim, chlorothalonil, sulfonylurea herbicides and so on); CTP, urea + ammonium
sulfate + potassium sulfate + calcium magnesium + phosphate fertilizer + calcium superphosphate +

herbicides, fungicides and insecticides were used as recommended insecticides (phoxim, cypermethrin,
diflubenzuron, buprofezin, carbendazim, chlorothalonil, sulfonylurea herbicides and so on). There
were three experimental plots for each management practice, with a size of larger than 1200 m2. In order
to minimize fertilizer and pesticide drift, the experimental plots were separated by 10-m alleyways of
camphor trees.

Soil samples were randomly collected from the bulk soils of tea plants at the depths of 0–20
cm. A total of 50 soil cores were taken from each experimental plot of each management practice by
using the checkerboard sampling method in September 2017. Five soil cores were pooled to form
a composite sample, and 10 bulk soils from tea plantation under each management practice were
randomly collected from 50 tea plants. Moreover, a total of 30 soil samples were collected and stored at
−80 ◦C until DNA extraction. One part of soil samples was assigned for detecting the physicochemical
properties, while the other part was used to perform molecular analysis.

2.2. Physicochemical Properties of Soils

The following physicochemical properties of collected soil samples were determined: pH, total
organic carbon (TOC), nitrate nitrogen (NO3-N), ammonia nitrogen (NH4-N), total nitrogen (TN),
available phosphorus (AP), moisture and total phosphorus (TP). The soil properties were determined
by the previously reported methods [22].

2.3. DNA Extraction and Amplicon Sequencing

DNA extraction of soil samples and amplicon sequencing were performed by previously described
methods [23]. The purified DNA was used as a template to amplify the V4 region of the 16S rRNA gene
by using the 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)/806R(5′-GGACTACHVGGGTWTCTAAT-3′)
primers. PCR (polymerase chain reaction) amplification was performed on a SelectCycler II (Select
BioProduct). E.Z.N.A. TM Gel Extraction Kit (Omega Bio-tek, Norcross, GA, USA) was used to
purify the PCR products. The purified amplicons were quantified by using a Qubit fluorometer (Life
Technologies Holdings Pte Ltd., Singapore), and the library was constructed with VAHTSTM Nano
DNA Library Prep Kit for Illumina® (Vazyme Biotech Co., Ltd., Nanjing, China). The samples were
sequenced by Miseq sequencing machine (Illumina) at Central South University, China.

2.4. Sequence Preprocessing and Bioinformatic Approaches

The barcodes were assigned to the raw reads (with one mismatch allowance). After removal
of barcodes and primers, pair-ended sequences were quality-filtered by using Flash program [24].
UPARSE algorithm [25] was used to remove chimeras and generate OTU (operational taxonomic unit)
table at a similarity level of 97% without discarding any singletons. All the sequence preprocessings
were performed in an in-house pipeline (http://mem.rcees.ac.cn:8080) with a series of bioinformatic
tools (e.g., Btrim program, UPARSE, FLASH).

2.5. Ecological and Statistical Analysis

The Chao1 [26] and richness indices were calculated to analyze the alpha-diversity of microbial
community in tea plantation soils under different management practices. Principal components
analysis (PCA) plot based on UniFrac distances was performed to evaluate the differences in microbial
community structure [27]. The canonical correspondence analysis (CCA) and mantel test were applied
to correlate the soil properties and microbial community structure. The significant difference tests of the
microbial community between different samples were conducted by two different statistical approaches,

http://mem.rcees.ac.cn:8080
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including analysis of similarities (ANOSIM) and non-parametric permutational multivariate analysis
of variance of the Adonis function (PERMANONA).

2.6. Network Analysis

To explore microbial interactions of soil communities in tea plantation soils under
different management practices, the phylogenetic Molecular ecological networks (pMENs) were
constructed through Random Matrix Theory (RMT)-based approach in MEN analysis pipeline
(MENA, http://ieg2.ou.edu/MENA/) [28,29]. The detailed operation process was consistent with
a previously described method [28]. First, only OTUs that were observed in more than eight soil
samples were obtained without log-transferring prior to obtaining Spearman rank correlation matrix
(r value). The threshold values ranging from 0.01 to 0.99 with 0.01 intervals were used in the Spearman’s
rank correlation. The optimal threshold value was kept for calculating the network eigenvalues when
the nearest-neighbor spacing distribution followed the Poisson distribution well, which is associated
with characteristic nonrandom properties in the complex ecosystem [30]. Furthermore, the appropriate
consistent threshold value (0.91) was applied to construct networks to compare the different networks
under the same conditions. Further network topological properties (R2 of power law, average
connectivity, average path length, average clustering coefficient and modularity) were all analyzed
and shown in Table S3. The constructed networks of soil communities for tea plantation soils under
different management practices were visualized by Cytoscape 3.3.0 software [31].

3. Results

3.1. Microbial Diversity

A total of 549,196 high-quality reads (OTP soil, 169, 251; NPTP soil, 164, 928; CTP soil, 215, 017) were
obtained from 30 samples by utilizing high-throughput sequencing analysis. The rarefaction curves of
OTUs tended to approach the saturation plateau, indicating that the range of sequencing coverage
was enough for downstream data analysis (Figure S1). Richness (Figure 1a) and Chao1 (Figure 1b)
indices were used to compare the alpha-diversity of microbial communities in tea plantation soils
under different management practices. The results showed that the alpha-diversity of soil community
was ranked as follows: OTP > NPTP > CPT, indicating that there were significant differences for
bacterial diversity among OTP, CTP and NPTP soils (p < 0.05). In addition, we further analyzed the
beta-diversity of microbial communities in tea plantation soils under different management practices,
and PCA of microbial communities revealed a clear separation between CTP soil and both of OTP
and NPTP soils, while a partial overlap between OTP and NPTP soils was observed (Figure 2). The
dissimilarity tests of bacterial communities in tea plantation soils under different management practices
were carried out using ANONISM and MRPP based on Bray-Curtis distance, and the results showed
that there were significant differences in soil bacterial communities among OTP, NPTP and CTP soils
(Table S1). In brief, we concluded that there were significant differences for alpha and beta diversity
among OTP, CTP and NPTP soil bacterial communities.

http://ieg2.ou.edu/MENA/
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Figure 1. Diversity indices based on 16S rRNA gene of bacterial community in tea plantation soils
under different management practices. (a) richness index; (b) Chao1 index. Different letters represent
the significant difference among soils at p < 0.05. OTP: organic tea plantation, NPTP: non-polluted tea
plantation, CTP: conventional tea plantation, similarly hereinafter.
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Figure 2. Principal component analysis (PCA) of bacterial community structures in tea plantation soils
under different management practices.

3.2. Microbial Community Composition

All OTUs of samples were identified as 36 phyla and 652 genera, and the cladogram indicated
the phylogenetic distribution of bacterial lineages in tea plantation soils under different agricultural
management practices (Figure 3a), showing that there were significant differences for the microbial
community components of OTP, CTP and NPTP soils from phylum to genus levels (p < 0.05). The 13
dominant phyla (relative sequence abundance >1%) across all samples were Proteobacteria, Acidobacteria,
Chloroflexi, Actinobacteria, Firmicutes, Thaumarchaeota, Verrucomicrobia, Bacteroidetes, Candidate division
Wps-2, Planctomycetes, Nitrospirae, Woesearchaeota and unclassified bacteria (Figure 3b). The relative
abundances (Table S2) of phyla Verrucomicrobia (8.66%), Bacteroidete (3.19%) and Planctomycetes (2.92%)
in OTP soil were significantly higher than those of CTP and NPTP soils (p < 0.05), while the lowest
abundances of Proteobacteria (16.78%), Nitrospirae (0.07%), Verrucomicrobia (1.97%), Bacteroidete (1.67%)
and Planctomycetes (1.06%) were significantly observed in CTP soil (p < 0.05).
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Figure 3. Comparison of microbial community compositions in tea plantation soils under different
management practices. (a) Cladogram showing the phylogenetic distribution of the most differentially
abundant taxa in tea plantation soils under different management practices. Each circle’s diameter is
relative to the abundance of taxa in different tea plantation soil communities, different colors represent
the differences of the most differentially abundant taxa in different tea plantation soil communities
(blue indicates OTP, red indicates CTP, green indicates NPTP), circles represent phylogenetic levels
from domain to genus; (b) comparison of the soil community composition at phylum level (relative
abundance higher than 1%); (c) comparison of the soil community composition at genus level (relative
abundance higher than 1%).

The 21 dominant genera (relative sequence abundance >1%) across all samples were Ktedonobacter,
Gp2, Gp1, Gp2, Gp3, Gp5, Gp6, Subdivision 3 genera incertae sedis, Spartobacteria genera incertae
sedis, Burkholderia, Bradyrhizobium, Nitrospira, Actinoallomurus, WPS-2 genera incertae sedis,
Gaiella, Rhizomicrobium, Pseudolabrys, Gemmata, Arthrobacter, AR15 and unclassified bacteria
(Figure 3c). The relative abundances (Table S2) of genera Gemmata (1.03%), Gaiella (1.3%), GP6 (1.76%),
Bradyrhizobium (1.47%), Pseudolabrys (1.29%), Spartobacteria genera incertae sedis (3.71%) and
Subdivision3 genera incertae sedis (4.65%) in OTP soil were significantly higher than those of CTP and
NPTP soils (p < 0.05), and the lowest relative abundances of genera Bradyrhizobium (0.94%), Gemmata
(0.47%), Nitrospira (0.07%), Pseudolabrys (0.14%), Rhizomicrobium (0.28%) and Spartobacteria genera
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incertae sedis (0.28%) were observed in CTP soil. Overall, the microbial composition and relative
abundance of bacterial phyla and genera were significantly different in OTP, CTP and NPTP soils.

3.3. Correlation Analysis between Soil Properties and Bacterial Community Structures

Table 1 shows the physicochemical properties of tea plantation soils under different long-term
management practices. The TOC and NO3-N contents and pH values in OTP soil were significantly
higher than those in NPTP and CTP soils. No significant difference in TP content was observed among
OTP, NPTP and CTP soils. The CCA plots of microbial community structures and soil properties
showed that pH as well as TOC and NO3-N contents were the three longest vectors (Figure 4a).
Furthermore, a partial Mantel test (Figure 4b) based on both Bray-Curtis and Jaccard distances also
demonstrated that pH as well as TOC and NO3-N contents were key physicochemical factors in
assembling the microbial communities of tea plantation soils under different long-term management
practices (pH, p < 0.001; TOC, p < 0.01; NO3-N, p < 0.01).

Table 1. Soil properties of tea plantation soils under different management practices.

Samples TP (mg
kg−1)

TN (mg
kg−1)

NO3-N
(mg kg−1)

NH4-N
(mg kg−1)

AP (mg
kg−1)

TOC (%) pH

CTP 245.11 a 1050.22 b 48.56 c 10.86 b 10.72 b 1.21 b 4.32 b
NPTP 352.56 a 1134.56 a 51.61 b 4.96 c 24.97 a 0.94 c 5.17 ab
OTP 283.33 a 1054.44 b 60.03 a 23.26 a 24.06 a 1.82 a 5.23 a

Different letters represent the significant difference among soils at p < 0.05. OTP: organic tea plantation, NPTP:
non-polluted tea plantation, CTP: conventional tea plantation, similarly hereinafter.
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3.4. Molecular Ecology Networks

pMENs analysis was applied to reveal the influence of different agricultural practices on the
microbial interactions of tea plantation soils. Three networks analyses with the same threshold (0.91)
were performed for the OTP, NPTP and CTP soils, respectively (Table S3). The OTP, NPTP and CTP
networks consisted of 493, 387 and 210 nodes as well as 756, 637 and 452 links, respectively, suggesting
that OTP network possessed a more complex structure and a higher number of microbial interactions
compared with NPTP and CTP networks. The CTP network had the highest values of average
degree (avgK, 4.305), average path distance (GD, 7.126) and average clustering coefficient (avgCC,
0.333) compared to NPTP (avgK, 3.292; GD, 6.042; avgCC, 0.208) and OTP (avgK, 3.067; GD, 6.803;
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avgCC, 0.177) networks, indicating that the interaction relationship among resident species of the
CTP soil communities was more close. In addition, the avgCC (0.177–0.333) of empirical networks
was higher than that of the corresponding random networks (0.008–0.035), suggesting that our three
networks had the typical small-world characteristics [32]. The modularity (M) values (0.666–0.749)
of OTP, NPTP and CTP networks were all significantly higher than the M values (0.456–0.618) in
corresponding randomized networks, indicating that all the networks had the characteristic of modular
topology [33]. In order to provide an intuitionistic exhibition of interaction relationship among resident
microorganisms within tea plantation soils, the visualized networks of OTP, NPTP and CTP were
shown in Figure 5a–c, respectively. The network structure of OTP soil had a greater number of
topological modules (22 modules) than that of NPTP network (17 modules) and CTP network (9
modules). Overall, these results indicated that the topological structures of OTP, NPTP and CTP
networks were significantly different.
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Figure 5. The networks of interactions among resident species of bacterial communities in tea plantation
soils under different management practices. (a) OTP Network; (b) NPTP Network; (c) CTP Network.
A module consists of larger than 5 nodes. Each node represents an OTU of bacteria. Different colors of
node belong to different bacterial phyla. Blue links stand for positive interactions between nodes and
red links stand for negative interactions.
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4. Discussion

The microorganisms are involved in a variety of important biochemical processes for soil ecosystem
functions [34]. Moreover, the microbial community structure and composition can directly affect the
stability and balance of soil microecosystem, thereby impairing the plant growth, development, health
and productivity [19]. Soil microorganisms mainly consist of bacteria, fungi and actinomycetes, among
which bacteria are the most abundant species playing important roles in various biological processes
of soils (such as ammoniating reaction and organic degradation) [35]. Massive inputs of chemical
fertilizers and synthetic pesticides can lead to the decline of the populations of soil microorganisms,
leading to the soil degradation, which is similar to the overuse of antibiotics in humans [36]. Previous
studies have shown that different long-term management practices affect the microbial diversity and
community structure of plant soils [7,37]. The organic management practice of tea plantation relies on
a series of farming practices that do not use synthetic pesticides and chemical fertilizers to meet the
needs of plant nutrition and control of pests and diseases in the production process [38]. Long-term
application of organic fertilizers has positive influence on aspects of biology, physics and chemistry
of soil fertility, as well as the soil microbial diversity and function [39]. However, most of pesticides
largely have negative effects on soil microorganisms and reduce the numbers of soil microorganisms
and soil microbial biomass [40–42]. Some studies have shown that application of biopesticides has
fewer negative effects on the microbial diversity and community structure compared with chemical
pesticides [43]. The effects of long-term organic management practices on microbial communities have
been well evaluated in alternative farming systems that it can improve the diversity and stability of
soil microbial community across different climatic and soil conditions [7,44]. Our results indicated that
the organic management practices (OTP) could improve the microbial diversity of tea plantation soils
compared with the chemical-inputs (CTP) and chemical-organic combined inputs (NPTP). Different
long-term agricultural management practices could markedly alter the soil microbial community
structure. The PCA results showed the clear separation of bacterial community structures of OTP,
NPTP and CTP (Figure 3). In combination with the results of dissimilarity test of soil communities
(Table S2), we showed that the different long-term agricultural management practices resulted in the
differences in the microbial community structures.

Different long-term agricultural management practices affected the microbial community
composition and function of tea plantation soils. The relative abundances of phyla Verrucomicrobia,
Bacteroidetes and Planctomycetes in OTP soil were significantly higher than those of NPTP and CTP
soils (Table S1). Previous studies have showed that phyla Verrucomicrobia and Bacteroidetes can play
important roles in effectively degrading organic matter and increasing the general level of plant
resistance [45]. The phylum Planctomycetes is involved in the absorption of plant nutrients, especially
in the utilization of carbon and nitrogen sources [46]. The genera Nitrospira (phylum Nitrospirae) and
Rhizomicrobium are regarded as the nitrifier and have the ability to change nitrite to nitrate. Crucially,
their relative abundances are the lowest in the CTP soil [47,48], which can explain the fact that the
NO3-N content in CTP soil was lower compared with OTP and NPTP soils. The highest relative
abundances of genera Gemmata, Pseudolabrys and Bradyrhizobium were observed in OTP soil, while
their lowest values were observed in CTP soil. Genus Gemmata can increase the enzymatic activity
of urease with the ability of degrading organic matter through enzymatic reaction [49], which can
improve the utilization efficiency of organic matter for tea plants. Genus Pseudolabrys has been reported
as a beneficial biocontrol microorganism in plant rhizosphere soils [50]. In addition, the pesticides
can significantly decrease mycorrhizal and rhizobial performance in soybean and adversely affect
nitrogen fixation and overall plant growth as well [51]. Furthermore, the pesticides can decrease the
recruitment of rhizobia bacteria to host plant roots, resulting in less production of root nodules [52].
These finding can explain well that the CTP soil has the lowest relative abundances of Bradyrhizobium.
Beneficial root-colonizing microbes can promote the plant growth and development under stressed
and normal conditions [53]. However, applications of synthetic pesticides and chemical fertilizers can
affect the functions of these microbes. Taken together, different management practices could lead to the
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changes in the bacterial community compositions in the bulk soils of tea plants. Organic agricultural
management practice significantly increased the relative abundances of beneficial bacteria, which was
of great significance for promoting the absorption of nutrients, improving the utilization efficiency of
organic matter and enhancing the resistance against diseases.

Different long-term management practices affect the physical and chemical properties of soils,
which may directly or indirectly impact the microbial community structure of tea plantation soils. Our
results showed that long-term organic management practices could improve soil pH value as well as
TOC and NO3-N contents (Table 1), and these soil factors were key physical and chemical factors to
affect the microbial community structure of tea plantation soils (Figure 4). Some studies have indicated
that available carbon content in soils is significantly higher in soils under organic management practices,
and carbon is a key soil factor to affect soil communities [54,55]. Ammonium fertilizers can decrease
soil pH and subsequently lead to a negative effect on soil microbial community [56]. In addition,
pesticides are closely related to metabolic activity of soil microorganisms and soil enzyme activity [57].
Our results also showed that the organic management practice improved the abundances of beneficial
microbes which played key roles in biochemical reactions in soils. Therefore, we concluded that
different management practices altered the soil properties related to the microbial community structure,
and these microbes, in return, in combination with soil enzyme activity might alter soil properties of
tea plantation.

The microorganism–microorganism interactions are of great significance for the functions of soil
ecosystems [58]. At present, pMENs analysis is increasingly used to explore the potential microbial
interactions in different ecosystems [59]. However, the studies on the soil microorganism interaction
of tea plantation under different management practices have been rarely reported. In the present
study, we used network analysis to quantify and visualize the microbial interaction in tea plantation
soils under different management practices. This study offered a new perspective for the interaction
mechanism of microbial species and helped us understand the responses of ecological functions of
microbial communities in tea plantation soils to different management practices. Different long-term
management practices altered the network structure of soil microbial community in tea plantation.
Non-synthetic pesticides and non-chemical fertilizers had a significant positive effect on the interaction
network of soil microbial community in OTP soil. Compared with NPTP (17 modules) and CTP soils (9
modules), OTP network had a more complex structure and a higher number of modules (22 modules)
with topological characteristics (Figure 5). Since highly connected microbial communities within a
single module may have unique ecological functions [60], the structure of soil microbial network in
organic tea gardens has more diverse ecological function groups, which is of great significance for
improving the versatility of soil ecosystem [61]. On the contrary, the common tea garden soil network
has the minimum number of topological modules (9 modules), which may lead to the hindrance of the
exchange of information, energy and nutrients between microbial communities [60].

5. Conclusions

Our results highlighted the responses of microbial diversity, community structure and interaction
network to different management practices in tea plantation soils. The organic management practice
(OTP) improved the soil microbial diversity, increased the abundances of beneficial soil microbes, and
altered the interaction network structure compared with conventional (CTP) and non-polluted (NPTP)
management practices. This study provided the theoretical basis and reference for improving soil
microbial diversity and enhancing community multi-functionality in tea plantation soil ecosystems
through effective agricultural management practices.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/16/4428/s1.
Figure S1: Rarefaction curves of soil bacteria from different tea plantations, Table S1: Dissimilarity test of bacterial
community structure in tea plantation soils under different management practices based on Bray-Curtis distance,
Table S2: Relative abundance of dominant phyla in tea plantation soil bacterial community under different
management practices, Table S3: The topological properties of networks in microbial communities of tea plantation
soils under different management practices.
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