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A B S T R A C T

Soil microbiomes contribute to plant growth, health and agricultural production. However, the influence of long-
term application of different fertilizers on soil microbial diversity and community structure of tea (Camellia
sinensis) plantations remains unclear. Here it was hypothesized that organic fertilizer treatment (OF) would
significantly improve the microbial diversity and alter the microbial community structure, leading to the support
of more soil ecosystem functions in tea plantation. To test this, we investigated microbial communities of tea
plantation soils under different long-term fertilization treatments using both high-throughput 16S rRNA gene
Illumina sequencing and molecular ecological network analysis. Soil samples (Red soils, classified as Haplic
Acrisol) were collected from 5 large experimental tea plantations under different long-term fertilization treat-
ments (organic fertilizer (OF), chemical fertilizer (CF) and non-fertilizer (NF)) in central south of China in August
2017. Soils under OF treatment had higher microbial diversity compared with soils under other treatment re-
gimes. Unweighted principal coordinate analysis (PCoA) results revealed a clear separation among the groups of
tea plantation soils under the three treatment regimes. Relationship analysis between soil properties and mi-
crobial communities showed that pH and nitrate nitrogen (NO3-N) concentration were key physicochemical
factors that significantly influenced microbial diversity and community structure. Furthermore, network analysis
indicated that the network of OF treatment soils contained more functionally interrelated microbial modules
than soils with CF treatment and that the topological roles of characteristic microorganisms and key microbial
organisms were significantly different between CF and OF treatments. Relative to CF treatment, the relative
abundances of organisms belonging to chemoheterotrophy, fermentation, nitrogen fixation, and aerobic nitrite
oxidation functional groups in tea plantation soils under OF treatment were significantly increased by 28.74%,
110.10%, 41.16% and 556.64%, respectively (p < 0.05). It was concluded that OF treatment could improve
microbial diversity, alter microbial network structure and enhance potential ecosystem function in tea plantation
soils.

1. Introduction

Tea plant (Camellia sinensis) is an evergreen perennial plant found

mainly in tropical and subtropical countries, such as China, India,
Pakistan, Kenya, etc. China is the largest producer and exporter of tea in
the world (Liu et al., 2019). However, the competitive advantage of
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China's tea industry in the world is declining, mainly due to the overall
quality and the single yield of tea being low (Yan et al., 2018), which
have become a major problems for sustainable tea production (Han
et al., 2007). Soil physicochemical properties, including decreasing soil
pH value, accumulating aluminum and fluorine, leaching of nutrients,
and deterioration of soil structure, of tea plantations are all known to
decrease tea yield (Abe et al., 2006; Koga et al., 2003; Oh et al., 2006).
The application of fertilizer has been one of the most import agri-
cultural practices to improve soil fertility and increase crop pro-
ductivity, with numerous studies showing the effect of long-term fer-
tilization on soil properties and crop yields (Fuentes et al., 2009; Lal,
2009; Yu et al., 2019). Wang and Yang (2003) found that application of
organic fertilizer improved soil structure, whereas the soil quality at-
tributes with chemical fertilizer treatment were unchanged. Lal (2009)
observed that application of chemical fertilizer alone degraded soil
structure. Cavagnaro (2014) observed that organic fertilizer could in-
crease essential nutrients use efficiency for supporting plant growth and
development. Wang et al. (2017) observed that the effects of inorganic
and organic fertilization treatments on soil physicochemical properties
were significant.

Soil microorganisms have significant influence on plant health and
growth, soil quality, soil function, and ecosystem sustainability (Singer
and Arieh, 2008; Waldrop et al., 2000). Soil microbial communities are
influenced by various factors, including agricultural management, plant
species and soil type (Berg and Smalla, 2009; Garbeva et al., 2004;
Jangid et al., 2008). Significant differences in microbial biomass and
variations in microbial diversity have been observed in agricultural
soils following fertilization treatments with OF, CF, and different fer-
tilizer combinations (Ling et al., 2014; Murase et al., 2015; Wang et al.,
2015). Several studies have shown that the application of CF could lead
to a decrease in soil microbial diversity, which is commonly linked to
decreased soil fertility (Geisseler and Scow, 2014; Marschner et al.,
2003; Pan et al., 2014). In contrast, the application of organic fertilizer
altered soil properties (Diacono and Montemurro, 2010) in ways that
had positive effects on bacterial diversity and plant health (Manna
et al., 2007; Sapp et al., 2015). At present, the influence of long-term
application of different fertilizers on soil microbial community and
ecosystem functions of tea plantations remains unclear.

Network analysis is an effective and feasible way in revealing the
interactions among organisms in a wide range of environments (Krause
et al., 2003; Moody, 2001; Volchenkov et al., 2002), yet only recently
has this approach begun to be applied to study complex microbial
ecological systems in soils (Barberán et al., 2012; Gilbert et al., 2012).
Network analysis has been used to explore microbial interactions and/
or symbiotic patterns among different microbial taxa in various en-
vironments (Banerjee et al., 2016a; Deng et al., 2012). By identifying
the most connected microbial populations or analyzing the effects of
nodes and linkages of different methods, network analysis could also
identify keystone species or other important microorganisms that may
have the greatest impact on microbial community structure and po-
tential functions (Banerjee et al., 2016a; Berry and Widder, 2014;
Layeghifard et al., 2017). Network analysis can also be used to explore
changes in species interactions or microbial responses under environ-
mental stress or human disturbance (Bissett et al., 2013). The powerful
utility of network analysis represents a new direction in microbial
ecology research (Zhou et al., 2011).

The majority of studies have shown that different fertilization
treatments affect soil nutrients and fertility, change soil structure and
enzyme activities, and alter soil microbial community structure
(Geisseler and Scow, 2014; Han et al., 2016; Li et al., 2017; Ling et al.,
2014). However, it remains unclear how long-term application of dif-
ferent fertilizers may shape the soil microbial community and soil
ecosystem function of tea plantations. In this study, we systematically
study the effect of long-term application of different fertilizers on the
microbial community and ecosystem function in bulk soils of tea plants
using both high-throughput 16S rRNA gene Illumina sequencing and

molecular ecological network analysis. The objectives of this work were
to (i) investigate the differences of microbial diversity and community
structure in tea plantation soils under different fertilization treatments;
(ii) analyze the correlation between soil properties and microbial
communities in tea plantation soils under different fertilization treat-
ments; and (iii) reveal the influence of OF treatment on the changes of
microbial network structure, key microbial organisms and functional
groups in microbial community of tea plantation soils compared with
CF treatment. We hypothesized that OF treatment would significantly
improve the microbial diversity and alter the microbial network
structure and potential function, leading to the support of additional
soil ecosystem functions in tea plantations.

2. Methods and material

2.1. Sites description and sample collection

The treatments for long-term trial of different fertilization were
established in 5 large tea plantations located in different regions of
Hunan province, which is one of the main tea-producing areas in south
central China. The annual average temperature is 17.2 °C with the
average daily minimum and maximum temperatures of 4 °C and 32 °C,
respectively. The accumulated temperature above 10 °C is 5457 °C. The
average annual sunshine hours are 1,500-1,850 h, and the annual
average precipitation is 1361mm. The soil types were red soils (clas-
sified as Haplic Acrisol according to CST classification). Treatments
were established between 2009 and 2010, and each covers an area of
more than 6670 m2. Specific information about time of establishment
for each field experiment and relevant fertilization treatments are as
follows: Guzhang county (GZ, 2009, OF), commercial organic fertilizer
(organic matter content ≥45%, total nutrients ≥ 5.0%, 4000 ∼
6000 kg ha −1) + cow manure (1000 ∼ 2000 kg ha −1); Pingjiang
county (PJ, 2010, OF), commercial organic fertilizer (organic matter
content ≥45%, total nutrients ≥ 5.0%, 4000 ∼ 6000 kg ha −1) + pig
manure (1000 ∼ 2000 kg ha −1); Wangcheng district (WC, 2009, CF),
compound fertilizer (25% N, 12% P and 9% K) 350 ∼ 450 kg ha −1 +
urea 180 ∼ 260 kg ha −1; Changsha county (CS, 2010, CF),
Urea+ ammonium sulfate+ potassium sulfate+ calcium magne-
sium+phosphate fertilizer+ calcium superphosphate, application
concentrations of N, P and K were 180 ∼ 260 kg ha −1, 40 ∼ 70 kg ha
−1, 35 ∼ 50 kg ha −1, respectively; and Anhua county (AH, 2009, NF).
In order to minimize fertilizer drift, these experimental plots and
neighboring tea plantations were separated by 10-m corridors of cam-
phor trees.

In each treatment, we randomly selected the six rows of tea plants
and collected the bulk soil samples (0–20 cm soil layer) from six
random points of each row. Each bulk sample was a composite formed
by mixing together the six soil subsamples. In total, 30 soil samples
were collected from 5 tea plantations in August 2017. The samples were
divided into two parts, one part was used to determine the physico-
chemical properties while the other part was sieved to 2.0mm and
stored at −80 °C for use in molecular experiments (DNA extraction).

2.2. Soil physical and chemical analysis

The following soil physicochemical properties were determined: pH,
total organic carbon (TOC), total nitrogen (TN), nitrate nitrogen (NO3-
N), and ammonia nitrogen (NH4-N), available phosphorus (AP), water
content (WC), total phosphorus (TP). Soil properties were quantified at
the Institute of Soil Science, Chinese Academy of Sciences (Nanjing,
China).

2.3. DNA extraction and high-throughput sequencing

Total DNA was extracted from 0.5 g sample of soil with the Fast
DNA Spin kit (MP Biomedicals LLC, USA) according to the
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manufacturer's instructions. DNA quality and concentration were de-
tected by a NanoDrop Spectrophotometer (Nano-100, Aosheng
Instrument Co Ltd.) to assess absorbance ratios of 260/280 nm (˜1.8)
and 260/230 nm (>1.7). The extracted DNA was used as a template for
amplifying the V4 region of the 16S rRNA gene, which has high se-
quence coverage for prokaryotes and produces an appropriately sized
(245–260 bp) amplicon with a barcode primer set (515 F, 5′-GTGCCA
GCMGCCGCGGTAA-3) 'and 806R', 5′-GGACTACHVGGGTWTCT-
AAT-3′). PCR (polymerase chain reaction) amplification was carried out
in a total 50 μL reaction system containing 1 μL of template DNA within
20–30 ng/μL, 1.5 μL of both 10 uM forward and reverse primers, 0.5 μL
Taq DNA Enzyme (TaKaRa), 5 μL 10×PCR buffer, 1.5 μL dNTP mix-
ture and 39 μL ddH2O. The thermal cycle conditions were follows: in-
itial denaturation at 94 °C for 1min, followed by 30 cycles of 94 °C for
20 s, 57 °C for 25 s and 68 °C for 45 s, subsequently ending at 68 °C with
a final extension step of 10min and finally held at 4 °C before pur-
ification on SelectCycler II (Select BioProduct).

The PCR products were visualized on a 1% agarose gel and the
target bands were extracted using E.Z.N.A.™ Gel Extraction Kit (Omega
Bio-tek, Norcross, GA, USA). The purified amplicons were quantified
using a Qubit fluorometer (Life technologies Holdings Pte Ltd,
Singapore) and pooled in an equal ratio (100 ng) for constructing the
library with VAHTSTM Nano DNA Library Prep Kit for Illumina®
(Vazyme Biotech Co., Ltd, Nanjing, China) according to the manu-
facturer’s instructions. The samples were sequenced with Miseq se-
quencing machine (Illumina) at Central South University, China.

2.4. Sequence preprocessing and bioinformatics approaches

The barcodes were used to assign the raw reads to samples, with one
mismatch allowed. Next, both forward and reverse primers and the
barcode sequences were trimmed, after which pair-ended sequences
were merged and the quality checked by Flash program (Mago and
Salzberg, 2011). The Btrim program (Kong, 2011), with threshold of
Quality Score> 20 and 5 as window size, was used to filter out un-
qualified sequences, and sequences with length<200 bp were also
deleted. UPARSE algorithm (Edgar, 2013) was used to remove chimeras
and generate OTU (operational taxonomic units) table at a 97% simi-
larity level without any singletons being discarded. All the sequence
preprocessing was conducted by an in house-pipeline (http://mem.
rcees.ac.cn:8080) integrated with these bioinformatics tools.

2.5. Ecological and statistical analysis

Two measures of alpha-diversity were calculated to assess the bio-
diversity of microbial communities in tea plantation soils. Richness
index was obtained by counting the observed species numbers in the
resampled OTU table. Shannon index was calculated according to
species abundance using vegan package (v.2.3–5) in R (v.3.2.5).
Unweighted principal coordinate analysis (PCoA) based on UniFrac
matrix (Lozupone and Knight, 2005) was used for evaluating microbial
community structure changes. The Pearson correlation approaches
were applied to correlate alpha-diversity and physicochemical char-
acteristics of soils (PCC: Pearson Correlation Coefficient). Taxonomic
assignment of OTUs were determined by Ribosomal Database Project
(RDP) classifier (Wang et al., 2007). The microbial ecological function
profiles were predicted by FAPROTAX (Functional Annotation of Pro-
karyotic Taxa) (Louca et al., 2016)). Differences in functional groups
between fertilizer treatments were determined using one-way analysis
of variance (ANOVA).

2.6. Network construction and analysis

The correlation networks were constructed from OTUs as previously
described based on RMT (Random matrix theory) (Deng et al., 2012).
RMT-based approach is a way to construct phylogenetic molecular

ecological networks (pMENs) which represent various biological in-
teractions in tea plantation soil microbial communities. By determining
the most interacted microbial taxa, networks can also be used to
identify keystone species, organisms which may have the largest effect
on microbial community structure and potential functions. In this
study, molecular networks were constructed using RMT models after
data standardization and Pearson correlation estimation. In order to
characterize the modularity property, each network was split into
modules.

A Zi-Pi plot was used to identify key populations based on the nodes’
roles in their own network (Deng et al., 2012). Zi indicates how well a
node connects to nodes within the same module, while Pi indicates how
well a node connects to other modules. Based on within-module and
among-module connectivity, topological roles of different nodes were
divided into four categories, (i) network hubs: nodes with Zi> 2.5 and
Pi> 0.62; (ii) module hubs: nodes with Zi> 2.5 and Pi ≤ 0.62; (iii)
connectors: nodes with Zi ≤ 2.5 and Pi> 0.62; and (iv) peripheral
nodes: nodes with Zi ≤ 2.5 and Pi ≤ 0.62. We then analyzed the global
network properties and individual nodes centrality, separated each
module and calculated modularity using Cytoscape 3.3.0 (Shannon
et al., 2003).

3. Results

3.1. Effect of different fertilization treatments on soil properties

ANOVA analysis indicated that there were significant physico-
chemical property differences (P < 0.05), except for TP concentration,
between tea plantation soils under different fertilization treatments as
shown in Table S1. Both pH value and NO3-N concentration in GZ and
PJ samples with OF treatments were higher than other samples, how-
ever the pH value in CS and WC samples with CF treatments were lower
than other samples. The lowest NO3-N concentration was observed in
AH samples with NF treatments, and the highest NH4-N concentration
was observed in PJ samples, followed by GZ samples. The highest
concentration of AP was observed in the GZ samples. TN concentration
was highest in WC samples. Water content was varied from 16.55% to
19.74% among soil sample. Overall, OF treatment increased pH and
NO3-N concentration of tea plantation soils compared with CF and NF
treatments.

3.2. Effect of different fertilization treatments on microbial community
diversity, structure and composition

A total of 301, 950 valid reads were obtained from the 30 samples
through high-throughput sequencing analysis, and 17,403 OTUs were
identified from those reads. The rarefaction curves tended to approach
a saturation plateau, suggesting that the sequencing depths were suf-
ficient for downstream analysis (Fig. S1). The Shannon (Fig. 1a) and
Richness (Fig. 1b) indices were analyzed to assess the alpha diversity of
microbial communities in tea plantation soils under different fertiliza-
tion treatments. According to the box plot of the two diversity indices,
we found that PJ and GZ samples with OF treatments had the highest
levels of microbial diversity while WC and CS samples with CF treat-
ments had the lowest levels. Beta-diversity of microbial communities in
tea plantation soils under different fertilization treatments were further
analyzed. The principal coordinates analysis (PCoA) plot of microbial
communities revealed a clear separation among the groups of tea
plantation soils under the three treatment regimes (Fig. 2), which in-
dicated that there were significant differences in microbial community
structures of tea plantations soils among different fertilization treat-
ments.

The Pearson correlation approach was adopted to assess the corre-
lation between soil properties and five alpha-diversity measures of the
microbial communities (Table. 1). The results revealed that TP con-
centration had a significant positive correlation with Chao 1 (PCC=
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0.337, P=0.045). NO3-N concentration had a significant positive
correlation with Richness (PCC=0.401, P=0.015) and PD (PCC
=0.412, P=0.013). TN concentration had a significant negative cor-
relation with Richness (PCC =-0.385, P=0.021) and PD (PCC
=-0.408, P=0.013). pH had a highly significant positive correlation

with Inverse Simpson (PCC =0.607, P=0.001), Shannon (PCC
=0.588, P=0.001), Pielou Evenness (PCC =0.472, p=0.004) and
Richness (PCC =0.684, P=0.001), PD (PCC =0.762, P=0.001) and
Chao 1 (PCC = 0.374, P= 0.025). Therefore, the pH, NO3-N, TP and
TN concentrations were significantly correlated with the alpha diversity
in tea plantation soils under different fertilization treatments. To in-
vestigate the relationship between soil properties and microbial com-
munity structures, a canonical correspondence analysis (CCA) was
conducted and revealed that the importance of the above-mentioned
soil factors and their effect on the microbial community of tea

Fig. 1. The Shannon (a) and richness (b) indices of microbial community. Different letters over the plots indicate significant differences (P < 0.05).

Fig. 2. PCoA plot of microbial communities under three treatments. Different
colors represent different tea plantations and different symbols represent dif-
ferent fertilization treatments: Chemical fertilizer (▽), Unfertilized control (⋆)
and Organic fertilizer (○).

Table 1
Relationship between soils properties and alpha-diversity of tea plantations under different fertilization treatments. TOC, total organic carbon; TN, total nitrogen;
NO3-N, nitrate nitrogen; NH4-N, ammonia nitrogen; AP, available phosphorus; WC, water content; TP, total phosphorus.

soils properties Shannon Invsimpson Richness Pielouevenness Chao1 PD

PCC P PCC P PCC P PCC P PCC P PCC P

TP (mg kg−1) 0.237 0.165 0.249 0.143 0.192 0.263 0.233 0.172 0.337 0.045* 0.104 0.544
TN (mg kg−1) −0.243 0.153 −0.157 0.359 −0.385 0.021* −0.136 0.43 −0.135 0.432 −0.408 0.013*
NO3-N (mg kg−1) 0.186 0.278 0.214 0.211 0.401 0.015* 0.047 0.785 0.325 0.053 0.412 0.013*
NH4-N (mg kg−1) 0.188 0.272 0.142 0.408 0.284 0.094 0.116 0.499 0.261 0.124 0.248 0.145
AP (mg kg−1) 0.188 0.273 0.126 0.463 0.217 0.203 0.154 0.371 0.402 0.015* 0.131 0.445
TOC (%) −0.147 0.393 −0.078 0.65 −0.166 0.333 −0.124 0.47 −0.013 0.938 −0.17 0.323
WC (%) −0.157 0.360 −0.135 0.434 −0.300 0.075 −0.055 0.752 −0.248 0.144 −0.314 0.062
pH 0.588 0.000*** 0.607 0.000*** 0.684 0.000*** 0.472 0.000*** 0.374 0.025* 0.726 0.000***

PCC is the Pearson 's correlation coefficient P < 0.05 * P < 0.01 ** P < 0.001 ***.

Fig. 3. Canonical correspondence analysis (CCA) of 16S rRNA gene and soil
properities.

S. Gu, et al. Soil & Tillage Research 195 (2019) 104356

4



plantation soils under different fertilization treatments (Fig. 3). The
CCA plots clearly revealed that pH and NO3-N concentration were the
two longest vectors. Thus, pH and NO3-N concentration might be key
physicochemical factors in assembling the microbial community
structure of tea plantation soils. A partial Mantel test based on both
Bray-Curtis and Jaccard distances was further employed to confirm the
key physicochemical factors affecting the microbial community (Table.
2). They further confirmed that pH and NO3-N concentration were
significantly positively correlated with microbial community (pH,
P < 0.001; NO3-N, P < 0.05). Therefore, we concluded that pH and
NO3-N were the key physicochemical factors and strongly affected the
microbial community assembly in tea plantations soils.

All OTUs were classified into 654 genera and 36 phyla. The domi-
nant phyla (relative sequence abundance>1%) across all samples
were Proteobacteria (25.84%), Acidobacteria (21.53%), and Chloroflexi
(10.95%), Firmicutes (5.04%), Chlamydiae (2.67%), Verrucomicrobia
(2.62%), Bacteroidetes (2.36%), and Planctomycetes (1.56%), accounting
for 80.26% of the microbial sequences (Fig. 4). To investigate the di-
vergences of microbial community composition in soil samples with the
highest and lowest microbial diversity, we grouped the soil samples of
OF and CF treatments together, respectively, and compared the phyla
abundances between them. Six phyla were more abundant in soils with
OF treatments as compared with CF treatments, namely Acidobacteria,
Proteobacteria, Bacteroidetes, Verrucomicrobia, Planctomycetes, Ni-
trospirae, and many of these bacteria are considered to play important
roles in soil diversity and nutrient cycling. However, four phyla Thau-
marchaeota (Archaea), Actinobacteria, Chloroflexi and candidate division

WPS-2 were more abundant in soils with CF treatments. In brief, soil
microbial community composition and relative abundance were sig-
nificantly different in tea plantations under OF and CF treatments.

3.3. Molecular ecology network analysis of microbial communities in tea
plantation soils under OF and CF treatments

In order to reveal the markedly different structures for microbial
communities of tea plantation soils under OF and CF treatments, pMENs
analysis derived from the 16S rRNA gene data were performed (Fig. 5).
The topological properties of networks are summarized (Table. S2).
Based on avgCC and modularity (M) values of the empirical networks,
both of which were higher than those of the corresponding random
networks, it suggested that the networks of OF and CF treatments had
the characteristics of typical small‐world (Watts and Strogatz, 1998)
and modular topology (Newman, 2006). The number of network
modules in soils under OF and CF treatments were examined from the
pMENs according to the method of Zhou et al. (Zhou et al., 2011). The
visualized networks of CF (Fig. 5a) and OF (Fig. 5b) treatments pos-
sessed 10 and 14 modules, respectively. Heatmap of correlations be-
tween module eigengenes and soil properties in CF and OF networks
based on the Mantel test is shown in Fig. S2. Total amount of the sig-
nificant correlations (P < 0.05) between modules and soil properties
in the OF network (24 correlations, with 2 being negative) was higher
than in the CF network (16 correlations, with 9 being negative). In CF
network, 4 modules were significantly positively correlated with TP,
NH4-N, AP and TOC concentrations. In contrast, in the OF network, 10
modules were significantly positive correlated with pH and NO3-N and
NH4-N concentrations, among which pH had the highest number of
correlations with 8 modules. Overall, these results revealed that the
network structures and interactions were associated with the soil
properties changed by different fertilization treatments, and were
especially significantly correlated (p < 0.05) with soil pH.

A Zi-Pi plot was used to show the distribution of OTUs in soils with
OF and CF treatments based on their module-based topological roles
(Fig. 5c). According to the simplified classification, all nodes within the
networks fell into the four subcategories at the threshold values of
Zi= 2.5 and Pi= 0.62. The many nodes (> 97%) from both OF and CF
treatment networks were classified as peripherals (specialists) that had
only a few interactions and were commonly connected to the nodes
within their own modules (Lu et al., 2013). Four nodes belonging to the
phyla Chloroflexi (OTU132 and OTU22), Unclassified bacteria (OTU63)

Table 2
Partial mantel test of correlation between soils properties and microbial com-
munity structure based on Bray-Curtis and Jaccard distance methods.

Soils properties Braycurtis Jaccard

rm pvalue rm pvalue

TP (mg kg−1) −0.1771 1 −0.1675 1
TN (mg kg−1) 0.0276 0.281 0.0085 0.466
NO3-N (mg kg−1) 0.2136 0.001** 0.2065 0.002**
NH4-N (mg kg−1) 0.0500 0.199 0.0808 0.113
AP (mg kg−1) −0.0877 0.971 −0.0820 0.938
TOC (%) −0.0544 0.853 −0.1110 0.983
WC (%) 0.236 0.001*** 0.269 0.001***
pH 0.5564 0.001*** 0.6154 0.001***

Fig. 4. Phylum-level microbial composition of tea plantation soils under different fertilization treatments.
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and Proteobacteria (OTU84) from the CF treatment network and four
nodes from the OF treatment network belonging to the phyla Acid-
obacteria (OTU11870), Thaumarchaeota (OTU14) and Verrucomicrobia
(OTU67 and OTU85) were classified as module hubs (generalists) that
were highly connected to many nodes within their own modules. Nine
nodes were classified as connectors (generalists) that were highly
connected to several modules, these included five nodes from the CF
treatment network belonging to the phyla Candidate division WPS-2
(OTU16620), Chloroflexi (OTU349, OTU486 and OTU89), and Proteo-
bacteria (OTU349) and four nodes from the OF treatment network be-
longing to phyla Proteobacteria (OTU103 and OTU19) and Verrucomi-
crobia (OTU14900 and OTU15481), There were no nodes falling into
the network hub (supergeneralists) category, which act as both module
hub and connector. Based on their connectivity, generalists bridge
different nodes within their own modules and/or among different
modules whereas specialists link to only a few nodes (Ling et al., 2016;
Schmid et al., 2017). Therefore, the generalists were the key microbial
organisms of soil communities in tea plantations. The above results
indicated that OF treatment dramatically altered the topological roles

of characteristic OTUs and key microbial organisms in tea plantation
soils.

3.4. Functional prediction of microbial communities in tea plantations soils
under OF and CF treatments

FAPROTAX was used to predict the micro-ecological functions of
the OTUs for the microbes of tea plantation soils under CF and OF
treatments. A total of 59 categories (relative abundance>1%) were
identified and linked to the microbial communities. Non-metric multi-
dimensional scaling (NMDS) plot of all the 59 categories showed the
separate clusters of functional groups in OF and CF treatment soils (Fig.
S3), suggesting that there were significant differences in the function of
microbial communities between OF and CF treatment soils. The domi-
nant functional groups of tea plantation soils were related to aerobic
ammonia oxidation, aerobic chemoheterotrophy, chemoheterotrophy,
fermentation, intracellular parasites, nitrification, nitrogen fixation and
aerobic nitrite oxidation (Fig. 6a). It was also noted that the soils of OF
treatment had a higher percent relative abundance of

Fig. 5. Phylogenetic Molecular ecology net-
works (pMENs) of microbial communities in
tea plantation soils based on RMT analysis
from OTU profiles. (a) and (b) are networks of
soils with CF and OF treatment, respectively.
Modules larger than 5 nodes are labeled with
different colors in the respective networks. The
links with red color represents negative inter-
action and those with blue represent positive
interaction. OTUs that acted as Generalists are
labeled in the networks. The networks were
constructed using RMT-based model and vi-
sualized by Cytoscape 3.3.0. Nodes represented
OTUs, and lines connecting nodes (links). (c)
Zi-Pi plot shows the distribution of OTUs based
on their topological roles. Each symbol re-
presents an OTU in CF (red triangle) or OF
(blue circle) network. The threshold values of
Zi and Pi for categorizing OTUs are 2.5 and
0.62, respectively. CF indicates chemical ferti-
lizer treatment, and OF indicates organic fer-
tilizer treatment.
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chemoheterotrophy, fermentation, nitrogen fixation and aerobic nitrite
oxidation (p < 0.05). Heatmap analysis of correlations between mi-
crobial classes and functional groups indicated that most microbial
classes possessed the functions of fermentation, aerobic chemohetero-
trophy, and hemoheterotrophy (Fig. 6b). Nevertheless, the individual
functions were derived from a few classes, such as aerobic ammonia
oxidation (Nitrososphaerales), chloroplasts (Chloroplast and Cyano-
bacteria), intracellular parasites (Gammaproteobacteria, Chlamydiia and
Alphaproteobacteria), nitrification (Nitrososphaerales and Nitrospira), ni-
trogen fixation (Alphaproteobacteria and Betaproteobacteria), and aerobic
nitrite oxidation (Nitrospira).

4. Discussion

Soil microbial communities are sensitive to different fertilization
treatments in agro-ecosystems (Ling et al., 2016; Wang et al., 2017).
However, there has been less concern about how long-term application
of different fertilizers shape soil microbial community and ecosystem
function within tea plantations. Our results revealed that long-term
treatment with different fertilizers altered soil properties of tea plan-
tations, i.e., key physicochemical factors such as pH and NO3-N con-
centration, which in turn, impacted the soil microbial diversity and
community structure. Soil samples with OF treatment had higher mi-
crobial diversity than other samples. The microbial community in soils
with OF treatment had a more organized and diverse communities with
a greater number of functionally interrelated modules (14) than that in
soils with CF treatment (10 modules). OF treatment significantly altered
the topological roles of characteristic OTUs and key microbial organ-
isms. Some microbes observed in soils with OF treatment were pre-
dicted to have the positive potential functions of chemoheterotrophy,
fermentation, and nitrogen cycling. These results confirmed the hy-
pothesis that OF treatment increased soil microbial diversity, altered
the network structure and key microbial organisms, and improved po-
tential ecosystem function when compared with CF treatment.

Soil microbial diversity and community can significantly impact soil
quality, function and soil ecosystem sustainability (Kennedy and Smith,
1995). Several research studies have shown that soil properties are al-
tered with long-term cultivation and agricultural management practices
in tea plantations (Ananthacumaraswamy et al., 2011; Kamau et al.,

2008; Lei et al., 2013). pH has been proven to be the most important
factor assembling microbial community structure in soils (Cho et al.,
2016; Zhalnina et al., 2015). NO3-N concentration has also been proven
to be a key factor affecting the composition and diversity of the soil
bacterial community (Liu et al., 2018). Shen et al. (2010) found that
bacterial community size and structure of wheat soil (brown soil) were
greatly affected by long term, 20 years, fertilization practices in
Northeast China. Previous studies have found that OF treatment could
improve the pH value and NO3-N concentration in soils (Han et al.,
2016; Muktamar et al., 2017). Together these findings are consistent
with our results in that application of OF could increase pH value and
NO3-N concentration in tea plantation soils that share the same soil
type, climate, and management practices (Table S1). Correlation ana-
lysis between soil properties and microbial communities revealed that
pH and NO3-N concentration were the key physicochemical factors to
influence microbial diversity and community structure of tea planta-
tions soils in a positive manner (Tables 1 and, 2 and Fig. 3). In addition,
PCoA results revealed that there were significant differences in micro-
bial community structures of tea plantations soils under different fer-
tilization treatments, consistent with previous studies (Schmid et al.,
2017; Wang et al., 2017). Overall, the microbial communities of tea
plantation soils were altered by the different fertilization treatments
through the mediation of soil properties and some of these changes,
especially for pH and NO3-N concentration, were significantly corre-
lated with microbial diversity and community structure.

The dominant phyla in soil samples of different tea plantations
(Fig. 4) were Proteobacteria (25.84%) followed by Acidobacteria
(21.53%), two groups commonly found in soil samples (Faoro et al.,
2010). In the study by Janssen (Janssen, 2006), the most abundant
bacteriological phyla were Proteobacteria (39%) and Acidobacteria
(19%) in a variety of soils, which, although in different proportions, is
consistent with our results. A high percent relative abundance of Pro-
teobacteria was observed in both GZ (29.2%) and PJ (25.4%) soil
samples with OF treatment, which is associated with large rates of
available nutrients that can promote the growth of microbes in soils (Li
et al., 2016). This might in part explain why the higher levels of di-
versity were found in tea plantation soils with OF treatment. In addi-
tion, the abundance of Nitrospirae in tea plantation soils under OF
treatment was significantly higher than CF treatment. The phylum

Fig. 6. Function predictions of microbial communities in tea plantation soils under OF and CF treatments by FAPROTAX. (a) Comparison of dominant functional
groups. (p < 0.05 *, p < 0.01**); (b) The correlation between microbial classes and predicted functional groups.
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Nitrospirae is closely associated with nitrogen cycling, mainly con-
tributing to conversion of nitrites to nitrates (Lücker et al., 2010) in
soils. The higher relative abundance of Nitrospirae in soils under OF
treatment indicates that the application of OF could enrich microbes
involved in the nitrogen cycle and effectively promote this biogeo-
chemical cycle in tea plantations. This could also explain the sig-
nificantly higher (P < 0.05) NH4-N and NO3-N in the tea plantation
soils under OF treatment than the soils under CF treatment (Table S1).
The increase of available nitrogen could provide sufficient nutrients for
the growth of microorganisms and thus improved microbial diversity of
tea plantation soils (Cong et al., 2015).

Fertilization is well recognized as a crucial practice to influence soil
ecosystem functions in agricultural production. Previous studies have
mainly provided general insights into soil microbial community abun-
dance, diversity or evenness that were sensitive to different fertilization
treatments (Banerjee et al., 2016b; Li et al., 2017), the use of network
analysis to assess the differences in soil ecosystem functions in tea
plantations between CF and OF treatments in this study provided new
insights into the underlying mechanisms associated with different fer-
tilization treatments. The constructed network graphs revealed dif-
ferent structures for microbial communities of tea plantation soils with
OF and CF treatment (Fig. 5a and b), the microbial community in soils
with OF treatment revealed a more organized and diverse communities
with a greater number of functionally interrelated modules (14) than
that in soils under CF treatment (10 modules). Because highly con-
nected microbes within a module that co-occur may share similar
ecological characteristics within communities (Williams et al., 2014),
our results indicated that the soils under OF treatment could possess a
more diverse array of ecologically functional groups, which is con-
sistent with a previous study showing that 10-year OF treated soil had
more ecologically functional modules than CF treated soil of a paddy
field (Wang et al., 2017). Long-term application of organic fertilizer
could shape a more interactive community and enhance microbial
functional capacity, potentially indicating the high soil ecosystem
multifunctionality (Ling et al., 2016). Thus, this could enhance the soil
microbial resistance and resilience to external stresses and improve the
soil quality of tea plantations.

Generalists are considered to be the keystone nodes in soil microbial
networks by the Zi-Pi plot (Fig. 5c) (Jiang et al., 2015; Zhou et al.,
2011). Generalists, with different OTUs from OF and CF treatments,
were assigned to different module hubs and connectors, which in-
dicated that different key microbial populations could shape the tea
plantation soil communities under different fertilization treatments.
The five OTUs (totaling 9 OTUs) from CF treatment soils as Generalists
belonged to phylum Chloroflexi, while four OTUs (totaling 8 OTUs)
from OF treatment soils as Generalists belonged to phylum Verrucomi-
crobia. The Chloroflexi contain many acidogenic bacteria involved in the
anaerobic digestion process of food waste for methane production
(Wang et al., 2018). Their presence might be explained by the fact that
long-term application of chemical fertilizer could result in soil acid-
ification (Guo et al., 2010), which in turn may reduce the soil microbial
diversity and community structure (Zhang et al., 2015). Verrucomicrobia
have the capacity to utilize various carbon compounds, such as cellu-
lose, xylan, pectin and sugars (Dunfield et al., 2007; Pol et al., 2007).
Shen et al. (2017) also found that members of Verrucomicrobia play an
important role for the carbon cycle in soil. In addition, members of this
phylum have been proven to be involved in nitrogen fixation in soils
(Khadem et al., 2010), which might be an essential factor for improving
the microbial diversity and community structure of tea plantation soils
under OF treatment.

Based on function predictions, the percent relative abundances of
chemoheterotrophy, fermentation, nitrogen fixation, and aerobic nitrite
oxidation functional bacteria in the tea plantation soils under OF
treatment was higher compared with the soils under CF treatment
(Fig. 6a). Chemoheterotrophy is the primary pathways of carbon flow
in aerobic microbial community (McKinley and Wetzel, 1979), and

Chemoheterotrophic bacteria are generally considered to play im-
portant roles in organic material recycling in all ecosystems (Kampfer
et al., 1993). Fermentative bacteria play essential roles in anaerobic
degradation of organic matter in the soil (Glissmann and Conrad,
2000). In addition, other functions involved in nitrogen cycle were
mainly executed by Alphaproteobacteria, Clostridia, Nitrospira, and Be-
taproteobacteria classes (Fig. 6b), in which organic and inorganic ni-
trogen compounds were metabolically recycled (Wei et al., 2017). The
predicted potential functions of these bacteria could contribute to in-
crease microbial diversity and improve ecosystem functions in the tea
plantation soils under OF treatment.

5. Conclusion

Our results highlighted the influence of long-term application of
different fertilizers on soil microbial diversity and community structure
of tea plantations. The organic fertilizer (OF) treatment increased the
soil microbial diversity, altering the network structure and key micro-
bial organisms, and improved potential ecosystem function compared
with chemical fertilizer (CF) treatment. Further studies should strive for
a deeper understanding of the relationship between key microbial or-
ganisms (e.g., generalists), as revealed by the network analysis, and
their potential functions, and explore the possibility of guiding the tea
plantation soil community, which may contribute to enhanced soil
fertility and tea production.
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