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Abstract
Long-term intensive greenhouse production commonly leads to continuous cropping obstacles and therefore declines the pro-
ductivity of greenhouse system, soil microbiological mechanisms behind which remain poorly understood so far. Here, based on
a continuous greenhouse cucumber cropping system, the differences in bacterial community structure of the soils with different
cucumber cultivation history were assessed through high-throughput sequencing. Theβ diversity of bacterial community, but not
α diversity, significantly changed as consecutive cucumber cultivation and also positively linked to cucumber yield. As for
bacterial community members, at phylum level, prolonged cucumber cultivation increased average relative abundances of
Chloroflexi and Gemmatimonadetes while decreasing average relative abundance of Nitrospirae; at genus level, continuous
cucumber cultivation decreased average relative abundances of some beneficial microbes (i.e. Bacillus, Solirubrobacter, and
Rubrobacter) and N-cycling related microbes (i.e.Nitrospira and Azoarcus) while increasing average relative abundance of some
functional microbes (i.e. Agromyces, Thermomicrobium,Desulfotomaculum, Sphaerobacter, andMycobacterium). Soil available
phosphorus and organic carbon contents were the most important contributors to the shifts of bacterial community structure. Co-
occurrence network analysis indicated long-term greenhouse cucumber cultivation weakened the interaction of species within
bacterial community and led to less complex and connected organization among bacterial taxa. Overall, our results suggested that
soil bacterial community structure and the interactions of bacterial taxa may play the important roles in the occurrence of
continuous cropping obstacles in a long-term intensive greenhouse production system.
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1 Introduction

Greenhouse vegetable cultivation is one of the most important
agricultural production patterns worldwide. China is the largest
vegetable producer in the world, and greenhouse vegetable cul-
tivation has become a pillar industry in many areas of this coun-
try. Due to the growing demand for vegetable consumption and
the limited cultivated land, continuous cropping of greenhouse
vegetables is becoming increasingly prevalent. However, this
type of agricultural practice commonly incurs continuous

cropping obstacles and substantially declines the productivity
of greenhouse system, which heavily restricts healthy develop-
ment of vegetable industry (Li and Yang 2016). Increasing the
knowledge available regarding the mechanisms behind continu-
ous cropping obstacles can help us to develop effective ap-
proaches to overcome this difficult problem present in long-
term intensive greenhouse vegetable production.

Soil quality is of crucial importance in the sustainability
of agricultural productivity because it controls crop yield
and health (Bünemann et al. 2018; Lal 2015). Prolonged
greenhouse cultivation commonly contributes to soil qual-
ity deterioration (also referred as soil sickness) and then
negatively feeds back to crop growth (Mariotte et al.
2018; Huang et al. 2013). Therefore, the alterations in soil
properties with increasing greenhouse cultivation history
are thought to be the important reasons behind continuous
cropping obstacles, such as soil acidification and saliniza-
tion, soil nutrient depletion and imbalance, release and ac-
cumulation of phytotoxic and autotoxic compounds, and

* Xing Liu
liux@hist.edu.cn; liuxingnice@163.com

1 College of Resources and Environmental Sciences, Henan Institute
of Science and Technology, Eastern Hualan Avenue, Xinxiang
City 453003, Henan, People’s Republic of China

2 School of Horticulture Landscape Architecture, Henan Institute of
Science and Technology, Xinxiang, People’s Republic of China

Journal of Soil Science and Plant Nutrition
https://doi.org/10.1007/s42729-019-00109-9

(2020) 20:306–321

/Published online: 29 October 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s42729-019-00109-9&domain=pdf
http://orcid.org/0000-0001-8578-3769
mailto:liux@hist.edu.cn
mailto:liuxingnice@163.com


build-up of soil-borne pathogen and parasite populations
(Chen et al. 2015; Huang et al. 2006). In addition, soil
biological properties are also attracting more and more at-
tention, particularly soil microbiome, which occupies vital
position in soil quality framework and play a potent role in
sustaining agricultural productivity (Mohanram and
Kumar 2019; Zhang et al. 2017; Chaparro et al. 2012).

Soil microbial community is an integral part of soil ecosys-
tem and is responsible for maintaining soil quality and medi-
ating plant productivity as it performs heterogeneous func-
tions during soil biological processes (Luo et al. 2018;
Chaparro et al. 2012). It has been well recognized that
cropping regimes and land use types influence soil microbes
forcefully, including their abundances and community struc-
tures. However, by comparison with the open field crop pro-
duction, greenhouse cultivation is commonly featured with
high planting intensity, high nutrient inputs, high irrigation
frequency, and relatively high soil temperatures, all of which
can alter soil physicochemical environment more profoundly
and then feed back to soil microbiome (Liu et al. 2019).
Therefore, monitoring the shifts in soil microbiome during
prolonged greenhouse vegetable production and then explor-
ing their potential links with continuous cropping obstacles
are extremely necessary. Our previous study indicated that
consecutive greenhouse cucumber cultivation obviously af-
fected soil N turnover through altering the community struc-
tures of bacterial nitrifiers (Liu et al. 2019). However, it re-
mains unclear that how soil microbes respond to consecutive
greenhouse vegetable cultivation at overall bacterial commu-
nity level. Although some researchers have reported the re-
sponses of soil microbial communities to prolonged green-
house vegetable cultivation through various traditional
methods, such as CLPP, RAPD, Polymerase Chain
Reaction-Denaturing Gradient Gel Electrophoresis (PCR-
DGGE), and phospholipid fatty acid (PLFA) (Fu et al. 2017;
Yao et al. 2016, 2006; Zhou et al. 2014; Zhou and Wu 2012),
some important problems, namely, how bacterial community
structure respond to the extension of greenhouse cultivation
history and even some potentially important shifts in typical or
functional community members and species interactions, are
still poorly understood.

Cucumber is one of the major vegetables subjected to
greenhouse cultivation worldwide, and plant- and soil-
related obstacles resulted from prolonged intensive green-
house production are extremely prevalent in China. Based
on a continuous cucumber cropping system located at
Henan province of China, this study would assess the dif-
ferences in bacterial community structures of greenhouse
soils with different cucumber cultivation history. The re-
sults obtained here could increase the understanding about
soil microbiological mechanisms underlying continuous
cropping obstacles present in intensive greenhouse produc-
tion system.

2 Materials and Methods

2.1 Study Region and Experiment Description

The study region was located at Zhuxintun village, Muye
district, Xinxiang city, Henan province of central China.
Here is always an important greenhouse vegetable production
base since 1980s. The region has a warm temperate continen-
tal monsoon climate, and the four seasons are distinct; it is
very cold in winter and hot in summer. The annual rainfall and
air temperature average by 573 mm and 14 °C, respectively.
There are about 205 frost-free days and 2400 h of sunshine
annually. The soil type is typically classified as the loamy
fluvo-aquic soil in China.

A total of 15 greenhouse plots in Zhuxintun village
were randomly selected for this study. These plots had
different histories of continuous cucumber cultivation,
namely, over 1, 5, 10, 15, and 20 years, respectively,
and there were three plots for each cultivation history as
three replicates. Hence, five cultivation year treatments
(denoted by CC1, CC5, CC10, CC15, and CC20, respec-
tively) in triplicate were constructed. To maximumly re-
move potential impacts of planting and management re-
gimes across different plots and years on soil sampling
and data analysis, greenhouse plots tested were from the
same farmers’ planting cooperatives and were relatively
close to each other. Moreover, these tested plots were
applied to identical local practices of cucumber cultiva-
tion in past two decades. The details on management and
cultivation regimes have been described in our previous
report (Liu et al. 2019).

Soil samples were collected on 18 October 2017 (the har-
vest time of cucumber in autumn). Using auger ten soil cores
(depth in 0–20 cm) were randomly taken in each plot and then
were thoroughly mixed after removing the debris as a com-
posite sample. Fresh composite sample was divided into three
subsamples. One subsample was stored at − 80 °C for molec-
ular ecological assay, one subsample was allowed to air dry at
room temperature for physicochemical analysis, and one sub-
sample was immediately used for biochemical analysis. Soil
physicochemical and biochemical properties under different
treatments have been reported by Liu et al. (2019). Besides,
cucumber yield in each plot within this growing season was
obtained based on local farmers’ records.

2.2 Soil DNA Extraction, High-Throughput
Sequencing, and Bioinformatic Analysis

Total microbial DNA in each soil sample was extracted via
a PowerSoil® DNA Isolation Kit (MOBIO, Carlsbad, CA,
USA) according to manufacturer’s protocol. DNA quality
and purity were checked using 1% agarose gel electropho-
resis and spectrophotometry. The genomic DNA was
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dissolved in 50 μl of elution buffer and stored at − 20 °C
until further analysis.

High-throughput amplicon sequencing was performed
to assess the changes in bacterial community structures
with increasing cucumber cultivation history. The primer
pair 338f/806r (Xu et al. 2016) was used to amplify the
fragments of V3-V4 region of bacterial 16S rRNA gene
for Illumina MiSeq sequencing (PE300 platform). The pre-
liminary experiment, containing some randomly selected
DNA templates plus four negative controls without DNA
templates, was carried out to explore optimal PCR condi-
tion and ensure sufficient amount of amplification product.
Finally, PCR was performed in a 20-μl reaction mixture
containing 4 μl FastPfu buffer (5×), 2 μl dNTPs
(2.5 mM), 0.4 μl FastPfu polymerase, 0.2 μl bovine serum
albumin, 0.8 μl each primer (5 μM), 10 ng template DNA,
and 11.2 μl ddH2O. PCR condition was as follows: pre-
denaturation at 95 °C 3 min, 95 °C 30 s, 55 °C 30 s, 72 °C
40 s, 27 cycles, a final extension at 72 °C 10 min.
Triplicate reaction mixtures for each sample were pooled
together, purified through Agarose Gel DNA Purification
Kit, and quantified using NanoDrop 2000. PCR products
were finally sent to Shanghai Majorbio Bio-pharm
Technology Co., Ltd. for sequencing. The samples were
individually barcoded to enable multiplex sequencing.
The barcoded PCR products from all samples were normal-
ized in equimolar amounts before MiSeq sequencing.
Sequencing reads recovered in this study have been depos-
ited in NCBI Sequence Read Archive (SRA) database un-
der accession number SRP174960.

Unprocessed FASTQ files were obtained for the analy-
sis. The overlapping paired-end reads were assembled
using FLASH software. Quality filtration and the analysis
of sequences generated by Miseq sequencing were per-
formed using Mothur software. Low-quality sequences
were removed, including front primers containing two-
base mismatch, sequences with at least eight successive
identical bases, sequences with length shorter than
200 bp, sequences containing unidentifiable bases, and se-
quences with an average quality score less than 20. In total
805,765 high-quality sequences with average length 438 bp
were obtained, which were further assigned to different
samples and demultiplexed. Based on sequence similarity
of 97%, the sequences were divided into different OTUs,
and the most abundant sequence of each OTUwas extracted
as representative sequence. All representative sequences
were classified with Silva 128/16S_bacteria database with
70% confidence threshold. A few representative sequences
failed to classification were manually matched in NCBI
database. The methodological information on bioinformat-
ics analysis and calculation procedures applied here were
fully described in I-Sanger cloud platform constructed by
Shanghai Majorbio (http://www.isanger.com/).

2.3 Statistical Analysis

Statistical analysis was carried out by one-way ANOVA
(Duncan’s test at 95% level of probability) to test significant
differences between treatments using SPSS 21.0 software for
windows. The mean values and standard deviations (n = 3)
were expressed in this study. The occurrence of relationships
between different data was assessed using one-variable regres-
sion models. The alpha and beta diversities for bacterial com-
munities were assessed based on identical sequence number
per soil sample. The weighted Unifrac algorithm-based hier-
archical clustering tree was conducted to compare evolution-
ary distance of bacterial communities among tested soil sam-
ples. ANOSIM (analysis of similarities) test was applied to
determine whether statistical differences in bacterial commu-
nity structures were significant among treatments. By means
of an algorithm for Bray-Curtis dissimilarity, principal co-
ordinates analysis (PCoA) was applied to analyse the shifts
in bacterial community structures as increasing greenhouse
cultivation years. In addition, redundancy analysis (RDA)
was performed to determine the relationships between bacte-
rial community structures and environmental variables.
Meanwhile, co-occurrence network analysis was conducted
to compare the complexity of the interactions among bacterial
taxa through R programming language and Gephi software.

3 Results

3.1 The α Diversity of Soil Bacterial Community

For each soil sample, 23,975 reads were randomly sampled
from the original high-quality read pool to assess bacterial
community. Rarefaction curve indicated that the numbers of
reads sampled were enough to reflect the actual states of soil
bacterial communities (Fig. 1). The α diversity of soil bacte-
rial community was insensitive to consecutive greenhouse cu-
cumber cultivation (Fig. 2). The number of observed OTU and
Shannon index in CC5 was significantly lower than those in
CC1, whereas no significant difference was observed for other
treatments. Compared to CC1, increasing cucumber cultiva-
tion history did not alter Simpson index and Chao1 index.

3.2 The β Diversity of Soil Bacterial Community

A total of 3078 OTUs were obtained in this study. The shared
OTUs by tested soil samples were 1770 (Fig. 3), accounting
for about 57.50% of total observed OTUs. Besides, the num-
bers of unique OTUs in CC1, CC5, CC10, CC15, and CC20
were 79, 12, 15, 15, and 46, respectively. These results re-
vealed soil bacterial community composition was altered by
consecutive greenhouse cucumber cultivation. Hierarchical
clustering and PCoA analysis further displayed that
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continuous cucumber cultivation obviously altered the β di-
versity of bacterial community (Fig. 4), which could also be
demonstrated by ANOSIM test. In PCoA plot, soil samples
tested could be divided into three individual groups (CC1
samples as a single group, CC5 and CC10 and CC15 samples
as the second group, and CC20 samples as the third group),
and these three groups clearly separated each other on both
PC1 and PC2 axes.

3.3 Soil Bacterial Community Members

There were nine bacterial phyla in average relative abun-
dances exceeding 1%, and these nine phyla accounted for
more than 95% of total sequences recovered by MiSeq se-
quencing (Fig. 5a). Across tested soil samples, the most
abundan t phy l a in bac t e r i a l commun i t y we re
Proteobacteria, followed by Actinobacteria, Chloroflexi,
and Acidobacteria, average relative abundances of which
were about 27.14%, 16.73%, 12.81%, and 11.88%, respec-
tively. There was no significant change in average relative
abundance between treatments for Acidobacteria,
Actinobacteria, Bacteroidetes, and Planctomycetes. Average
relative abundances of Firmicutes and Proteobacteria in
CC1 were no statistical difference with those in other treat-
ments. Average relative abundance of Chloroflexi in CC20

obviously rose by 53.69% compared to that in CC1.
Average relative abundance of Gemmatimonadetes in
CC15 obviously increased by 29.57% compared to that
in CC1. As for Nitrospirae, its relative abundance in
CC5, CC15, and CC20 significantly decreased by
31.76%, 25.18%, and 31.42% relative to that in CC1,
respectively. Besides, greenhouse cultivation history was
positively correlated with average relative abundances of
both Chloroflexi and Gemmatimonadetes (Fig. 5b, c),
but negatively with that of Nitrospirae (Fig. 5d).
These results confirmed phylum level-based bacterial
community members were regulated by prolonged
greenhouse cucumber cultivation.

The top 10 abundant bacterial genera (i.e. Gp6, Bacillus,
Nitrospira, Gemmatimonas, Anaerolinea, Thermomicrobium,
Clostridium sensu stricto 1, Arboricoccus, Paenisporosarcina,
and Gaiella) altogether accounted for about 30.94% of total re-
covered sequences (Table 1). The top 50 abundant bacterial gen-
era occupied more than 65% of total recovered sequences. We
assessed the alterations in average relative abundances of these
50 genera with consecutive cucumber cultivation. There were 38
genera existing significant differences in average relative abun-
dance between treatments, also indicating that genus level-based
bacterial community members were substantially affected by
continuous cucumber production. Besides, as for these
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significantly changed bacterial genera, some of which existed
significant correlations between cucumber cultivation history
and average relative abundances (Fig. 6). In brief, Bacillus,
Nitrospira, Azoarcus, Solirubrobacter, and Rubrobacter nega-
tively correlated to cucumber cultivation history, but the oppo-
sites for Thermomicrobium, Desulfotomaculum, Agromyces,
Sphaerobacter, andMycobacterium.

3.4 Linking Bacterial Community to Soil
Physicochemical Variables

We analysed the correlations between average relative abun-
dances of the top 50 abundant genera and soil physicochem-
ical properties through Pearson linear model (Table 2). There
were 27 bacterial genera significantly correlated to one or

Table 1 Changes in average relative abundances of top 50 abundant bacterial genera as increasing greenhouse cultivation history

Genus CC1 CC5 CC10 CC15 CC20 Mean

Gp6 8.62 ± 1.15 a 8.95 ± 5.75 a 6.46 ± 2.92 a 7.09 ± 4.39 a 8.91 ± 1.73 a 8.01
Bacillus 7.17 ± 1.63 a 4.56 ± 1.14 b 3.81 ± 0.70 b 3.16 ± 0.38 b 4.22 ± 0.51 b 4.58
Nitrospira 3.71 ± 0.29 a 2.53 ± 0.51 c 3.22 ± 0.03 ab 2.77 ± 0.17 bc 2.54 ± 0.28 c 2.96
Gemmatimonas 2.50 ± 0.27 a 2.89 ± 0.41 a 3.14 ± 0.56 a 3.07 ± 0.41 a 2.49 ± 0.31 a 2.82
Anaerolinea 2.58 ± 0.05 a 2.83 ± 1.35 a 2.01 ± 1.02 a 2.31 ± 1.54 a 4.05 ± 0.34 a 2.76
Thermomicrobium 1.40 ± 0.53 b 2.61 ± 0.19 a 2.74 ± 0.31 a 2.78 ± 0.51 a 2.76 ± 0.31 a 2.46
Clostridium sensu stricto 1 0.71 ± 0.65 c 2.25 ± 0.92 ab 2.91 ± 0.54 a 1.52 ± 0.16 bc 3.18 ± 0.55 a 2.11
Arboricoccus 3.27 ± 1.30 a 1.60 ± 0.48 b 1.54 ± 0.17 b 1.78 ± 0.02 b 1.01 ± 0.25 b 1.84
Paenisporosarcina 0.80 ± 0.41 c 2.38 ± 0.42 a 1.87 ± 0.29 ab 1.59 ± 0.47 b 2.30 ± 0.21 ab 1.79
Gaiella 1.77 ± 0.13 a 1.20 ± 0.36 b 1.72 ± 0.21 a 1.60 ± 0.26 ab 1.76 ± 0.30 a 1.61
Dehalogenimonas 1.55 ± 0.38 b 1.12 ± 0.45 b 1.03 ± 0.27 b 1.35 ± 0.47 b 2.81 ± 1.07 a 1.57
H16 2.03 ± 0.51 a 1.47 ± 0.29 ab 1.55 ± 0.19 ab 1.35 ± 0.15 b 1.13 ± 0.27 b 1.51
Xanthomonas 1.52 ± 0.26 ab 1.36 ± 0.15 b 1.79 ± 0.34 a 1.37 ± 0.13 b 0.88 ± 0.03 c 1.38
Azoarcus 2.01 ± 0.07 a 1.18 ± 0.26 b 1.28 ± 0.12 b 1.05 ± 0.23 b 1.32 ± 0.17 b 1.37
Parvibaculum 1.22 ± 0.15 b 1.19 ± 0.11 b 1.45 ± 0.23 ab 1.91 ± 0.53 a 0.94 ± 0.05 b 1.34
Desulfonatronum 0.92 ± 0.22 c 1.58 ± 0.23 a 1.70 ± 0.14 a 1.40 ± 0.16 a 0.99 ± 0.14 b 1.32
Steroidobacter 0.55 ± 0.11 c 2.52 ± 0.65 a 1.36 ± 0.33 b 1.10 ± 0.22 bc 0.65 ± 0.03 c 1.23
Longimicrobium 1.12 ± 0.16 a 1.04 ± 0.05 a 1.03 ± 0.04 a 1.25 ± 0.25 a 1.12 ± 0.21 a 1.11
Aciditerrimonas 1.07 ± 0.06 a 0.93 ± 0.17 a 1.13 ± 0.16 a 1.09 ± 0.15 a 1.15 ± 0.11 a 1.07
Solirubrobacter 1.84 ± 0.28 a 0.94 ± 0.13 b 0.88 ± 0.12 b 0.74 ± 0.07 b 0.94 ± 0.16 b 1.07
Actinomadura 0.86 ± 0.28 a 1.07 ± 0.16 a 1.02 ± 0.14 a 1.27 ± 0.41 a 1.00 ± 0.14 a 1.04
Rubrobacter 2.06 ± 0.19 a 0.64 ± 0.31 b 0.63 ± 0.37 b 0.69 ± 0.29 b 0.95 ± 0.24 b 0.99
Desulfotomaculum 0.76 ± 0.18 ab 0.65 ± 0.14 b 0.95 ± 0.28 ab 1.26 ± 0.40 a 1.24 ± 0.21 a 0.97
Sphingomonas 0.87 ± 0.08 ab 0.91 ± 0.18 ab 1.27 ± 0.27 a 0.98 ± 0.27 ab 0.82 ± 0.22 b 0.97
Sporosarcina 0.64 ± 0.14 a 1.07 ± 0.08 a 1.27 ± 0.33 a 1.20 ± 0.31 ab 0.63 ± 0.02 b 0.96
Romboutsia 0.39 ± 0.38 c 1.12 ± 0.29 ab 1.37 ± 0.28 a 0.62 ± 0.10 bc 1.23 ± 0.32 a 0.95
Turicibacter 0.26 ± 0.21 b 1.04 ± 0.14 a 1.34 ± 0.31 a 0.51 ± 0.06 b 1.37 ± 0.33 a 0.91
Streptomyces 0.99 ± 0.15 a 0.89 ± 0.04 a 0.69 ± 0.12 a 0.90 ± 0.28 a 0.93 ± 0.15 a 0.88
Bryobacter 0.89 ± 0.21 a 0.87 ± 0.21 a 0.99 ± 0.12 a 0.93 ± 0.11 a 0.67 ± 0.20 a 0.87
Agromyces 0.42 ± 0.10 b 1.06 ± 0.26 a 1.06 ± 0.16 a 0.87 ± 0.10 a 0.76 ± 0.03 a 0.83
RB41 0.81 ± 0.04 ab 0.64 ± 0.40 ab 0.83 ± 0.36 ab 0.55 ± 0.36 b 1.21 ± 0.27 a 0.81
Nocardioides 0.87 ± 0.33 ab 0.60 ± 0.19 b 0.66 ± 0.09 b 1.13 ± 0.28 a 0.77 ± 0.04 ab 0.81
Micromonospora 0.79 ± 0.15 ab 0.50 ± 0.05 b 0.82 ± 0.09 a 0.99 ± 0.29 a 0.75 ± 0.08 ab 0.77
Sphaerobacter 0.31 ± 0.10 d 0.55 ± 0.08 c 0.91 ± 0.02 ab 0.75 ± 0.19 b 1.01 ± 0.03 a 0.71
Methyloligella 0.94 ± 0.27 a 0.56 ± 0.05 b 0.79 ± 0.08 ab 0.55 ± 0.07 b 0.59 ± 0.07 b 0.69
Mycobacterium 0.18 ± 0.03 c 0.56 ± 0.06 b 0.62 ± 0.25 b 1.62 ± 0.21 a 0.41 ± 0.03 bc 0.68
Ohtaekwangia 0.57 ± 0.24 b 1.04 ± 0.35 a 0.55 ± 0.17 b 0.49 ± 0.18 b 0.71 ± 0.23 ab 0.67
Intrasporangium 0.73 ± 0.19 a 0.88 ± 0.72 a 0.59 ± 0.18 a 0.78 ± 0.20 a 0.35 ± 0.02 a 0.67
Litorilinea 0.74 ± 0.18 a 0.56 ± 0.08 a 0.61 ± 0.13 a 0.69 ± 0.20 a 0.66 ± 0.07 a 0.65
Roseiflexus 0.57 ± 0.13 a 0.71 ± 0.25 a 0.53 ± 0.09 a 0.68 ± 0.03 a 0.75 ± 0.04 a 0.65
Tumebacillus 0.43 ± 0.14 b 0.39 ± 0.10 b 0.64 ± 0.15 ab 0.69 ± 0.27 ab 0.89 ± 0.17 a 0.6
Methyloversatilis 0.58 ± 0.14 ab 0.62 ± 0.06 ab 0.69 ± 0.10 a 0.44 ± 0.08 b 0.59 ± 0.12 ab 0.58
Hydrogenispora 0.77 ± 0.25 ab 0.26 ± 0.08 b 0.49 ± 0.32 ab 0.47 ± 0.16 ab 0.89 ± 0.40 a 0.58
Alkaliphilus 0.29 ± 0.05 d 0.33 ± 0.03 cd 0.47 ± 0.04 c 0.71 ± 0.09 b 0.96 ± 0.14 a 0.55
Chryseolinea 0.34 ± 0.10 b 0.73 ± 0.15 a 0.46 ± 0.12 ab 0.75 ± 0.22 a 0.42 ± 0.16 b 0.54
Pedomicrobium 0.39 ± 0.12 b 0.55 ± 0.02 ab 0.67 ± 0.17 a 0.58 ± 0.06 ab 0.48 ± 0.10 ab 0.54
Uncultured bacterium 0.52 ± 0.13 a 0.43 ± 0.05 a 0.45 ± 0.03 a 0.68 ± 0.22 a 0.57 ± 0.14 a 0.53
Methylopila 0.48 ± 0.11 ab 0.50 ± 0.07 ab 0.55 ± 0.08 ab 0.68 ± 0.23 a 0.38 ± 0.01 b 0.52
Ilumatobacter 0.53 ± 0.15 bc 0.30 ± 0.09 d 0.62 ± 0.03 ab 0.76 ± 0.13 a 0.39 ± 0.04 cd 0.52
Haliangium 0.39 ± 0.01 c 0.52 ± 0.09 ab 0.62 ± 0.08 a 0.43 ± 0.07 bc 0.58 ± 0.02 ab 0.51

Data in this table are represented by mean ± standard deviation (n = 3). Within a row, different lowercase letters mean significant differences at 5%
probability level by one-way Duncan’s test. Bold fonts show the bacterial genera with significant differences in their average relative abundance between
the treatments
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more soil physicochemical properties. Also, 15 out of these 27
bacterial genera positively linked to soil physicochemical
properties (Thermomicrobium, Clostridium sensu stricto 1,
Paenisporosarcina, Desulfotomaculum, Romboutsia,
Turicibacter, Agromyces, Nocardioides, Sphaerobacter,
Mycobacterium, Ohtaekwangia, Tumebacillus, Alkaliphilus,
Chryseolinea and Haliangium), and the others displayed neg-
ative correlations with soil physicochemical properties
(Bacillus, Nitrospira, Arboricoccus, H16, Xanthomonas,
Azoarcus, Longimicrobium, Solirubrobacter, Rubrobacter,
Methyloligella, Methyloversatilis, and Ilumatobacter). These
results revealed that bacterial community members were pow-
erfully manipulated by significantly changed soil physico-
chemical environment originated from long-term intensive
greenhouse production.

At overall community level, OTU-based RDA analysis
was applied to test which of soil physicochemical variables
significantly affected bacterial community structure and their
relative contributions to the alterations in community struc-
tures (Fig. 7). Soil physicochemical variables explained
50.5% of the variation in community structure by the first
two constrained axes of RDA, with the first axis 35.1% and
the second 15.4%, respectively. Five soil physicochemical
variables affected community structure significantly. In brief,
soil available phosphorus and organic carbon contents were
the most important contributors, with followed by total nitro-
gen, available potassium, and C/N.

3.5 Network Structure of Soil Bacterial Community

Weused co-occurrence network analysis to explore the complex-
ity of the interactions of soil bacterial taxa under various cucum-
ber cultivation histories. Here, the tested soil samples were divid-
ed into two groups. The first group represented short cucumber
cultivation history (SCH) and six soil samples in this group were
from CC1 and CC5; the second group meant long cucumber
cultivation history (LCH); and six soil samples in this group came
from CC15 and CC20. The soil samples from CC10 were aban-
doned in order to maintain identical sample number within the
two groups during network construction and analysis. OTU-
based visualized network plots representing SCH and LCH are
shown in Fig. 8a, b, respectively, and the topological properties
and correlations of obtained networks were calculated to deter-
mine differences between SCH and LCH (Table 3). Our results
indicated that SCH showed the high level of complexity while
LCH displayed a less complex (Fig. 8). The number of nodes in
SCH was almost comparable to that in LCH (210 versus 208).
However, notable difference in number of edges between SCH
andLCHwas observed,whichwas demonstrated by that number
of edges in LCH declined about 13.03% relative to that in SCH.
Further, numbers of positive and negative edges in LCH reduced
about 12.61% and 13.54% compared to those in SCH, respec-
tively. Besides, the network of SCH presented higher number of
connections per node (average degree = 21.562) and a lower av-
erage path length (2.68) in comparison with those of LCH,

a

e f

i j

g h

b c d

Fig. 6 Changes in average relative abundances of some selected bacterial
genera with the extension of cucumber cultivation history. Bacillus (a),
Nitrospira (b), Thermomicrobium (c), Azoarcus (d), Solirubrobacter (e),

Rubrobacter (f), Desulfotomaculum (g), Agromyces (h), Sphaerobacter
(i) and Mycobacterium (j)
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effectively indicating a highly connected community (Table 3).
Although numbers of modules in SCH and LCH networks were
identical (number of communities), SCH displayed a more mod-
ular network structure relative to LCH due to relatively high of
average clustering coefficient.

We analysed phylum level-based composition of the nodes
detected in SCH and in LCH co-occurrence networks, respec-
tively (Fig. 9). These nodes mainly belonged to Acidobacteria,
Actinobacteria, Chloroflexi, Firmicutes, and Proteobacteria. On
the whole, there was no remarkable difference in phylum level-

Table 2 Pearson linear correlations between average relative abundances of top 50 abundant bacterial genera and soil physicochemical properties (n= 15)

SOC TN C/N NH4
+-N NO3

−-N AP AK pH Ec

Gp6 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Bacillus − 0.660** n.s. − 0.650** n.s. n.s. − 0.653** − 0.686** n.s. n.s.
Nitrospira − 0.775** n.s. − 0.742** n.s. n.s. − 0.603* − 0.780** n.s. n.s.
Gemmatimonas n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Anaerolinea n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Thermomicrobium 0.782** 0.598* 0.580* n.s. n.s. 0.769** 0.707** n.s. n.s.
Clostridium sensu stricto 1 0.784** 0.829** n.s. n.s. n.s. 0.844** n.s. n.s. n.s.
Arboricoccus − 0.741** − 0.639* n.s. n.s. n.s. − 0.784** − 0.570* n.s. n.s.
Paenisporosarcina 0.741** 0.565* 0.517* n.s. n.s. 0.687** 0.680** n.s. n.s.
Gaiella n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Dehalogenimonas n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
H16 − 0.757** − 0.576* − 0.534* n.s. n.s. − 0.684** − 0.547* n.s. n.s.
Xanthomonas n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. − 0.574*
Azoarcus − 0.676** n.s. − 0.705** n.s. − 0.550* − 0.686** − 0.913** n.s. n.s.
Parvibaculum n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Desulfonatronum n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Steroidobacter n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Longimicrobium n.s. n.s. n.s. − 0.544* n.s. n.s. n.s. n.s. n.s.
Aciditerrimonas n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Solirubrobacter − 0.748** − 0.546* − 0.582* n.s. − 0.527* − 0.780** − 0.815** n.s. n.s.
Actinomadura n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Rubrobacter − 0.703** n.s. − 0.594* n.s. n.s. − 0.671** − 0.716** n.s. n.s.
Desulfotomaculum n.s. n.s. n.s. n.s. 0.535* n.s. n.s. n.s. 0.523*
Sphingomonas n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Sporosarcina n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Romboutsia 0.675** 0.732** n.s. n.s. n.s. 0.745** n.s. n.s. n.s.
Turicibacter 0.796** 0.855** n.s. n.s. n.s. 0.838** n.s. n.s. n.s.
Streptomyces n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Bryobacter n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Agromyces 0.618* n.s. 0.588* n.s. n.s. 0.591* 0.644** n.s. n.s.
RB41 n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Nocardioides n.s. n.s. n.s. n.s. 0.536* n.s. n.s. n.s. n.s.
Micromonospora n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Sphaerobacter 0.843** 0.808** n.s. n.s. n.s. 0.890** n.s. n.s. 0.544*
Methyloligella − 0.633* n.s. − 0.807** − 0.515* − 0.528* n.s. − 0.783** n.s. n.s.
Mycobacterium n.s. n.s. n.s. n.s. 0.743** n.s. 0.561* n.s. n.s.
Ohtaekwangia n.s. n.s. 0.558* n.s. n.s. n.s. n.s. n.s. n.s.
Intrasporangium n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Litorilinea n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Roseiflexus n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Tumebacillus 0.525* 0.570* n.s. n.s. 0.540* n.s. n.s. n.s. 0.593*
Methyloversatilis n.s. n.s. n.s. n.s. − 0.590* n.s. n.s. n.s. n.s.
Hydrogenispora n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Alkaliphilus 0.707** 0.636* n.s. n.s. 0.705** 0.621* n.s. n.s. 0.757**
Chryseolinea n.s. n.s. 0.709** n.s. n.s. n.s. 0.520* n.s. n.s.
Pedomicrobium n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Uncultured bacterium n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Methylopila n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Ilumatobacter n.s. n.s. n.s. n.s. n.s. n.s. n.s. − 0.515* n.s.
Haliangium 0.687** 0.770** n.s. n.s. n.s. 0.693** n.s. n.s. n.s.

Data in this table represent correlation coefficients. Soil physicochemical properties are from our previous report using the same soil samples (Liu et al.
2019)

SOC soil organic carbon, TN total nitrogen, C/N ratio of soil organic carbon to total nitrogen, AP available phosphorus, AK available potassium, Ec
electrical conductance, n.s. no significant

*p < 0.05; **p < 0.01
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based composition of the nodes between SCH and LCH except
Nitrospirae and SBR1093. In SCH network (210 nodes totally),
only 4 nodes were unique, and in LCH network (208 nodes

totally), just 2 nodes were unique, also meaning that almost all
the nodes were shared by SCH and LCH networks. Still, obvious
changes in keystone taxa between SCH and LCH networks were
observed (Fig. 10). Based on the network properties, the key-
stone taxa possess more betweenness centrality, which is defined
to the number of times a node acts as a bridge along the shortest
path between two other nodes andmay be interpreted as key taxa
inside a connected community. We identified five bacterial
OTUs with the highest of betweenness centrality in SCH and
LCH networks, respectively. As listed in Fig. 10, only one key
OTUwas shared by SCH and LCH networks, and this OTUwas
affiliated within Chloroflexi. These results suggested that the
composition of keystone taxa in soil bacterial co-occurrence net-
work was substantially altered by prolonged greenhouse cucum-
ber production.

3.6 Linking Soil Bacterial Community to Cucumber
Yield

Long-term greenhouse cultivation significantly decreased cu-
cumber productivity (Fig. 11A). Compared to CC1, cucumber
yield in CC15 and CC20 significantly decreased about
26.17% and 23.49%, respectively. We also observed that cu-
cumber yield was negatively correlated with greenhouse cul-
tivation history (Fig. 11B). Besides, cucumber yield positively
linked to theβ diversity rather thanα diversity of soil bacterial
community (Fig. 11C, D).
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Fig. 7 OTU-basedRDAanalysis between bacterial community structure and
soil physicochemical variables. SOC soil organic carbon, TN total nitrogen,
CN the ratio of soil organic carbon to total nitrogen,ANNH4

+,NNNO3
−, AP

available phosphorus, AK available potassium, EC electrical conductance,
pH pH value. The data of soil physicochemical properties are from our
previous report using the same soil samples (Liu et al. 2019)
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Fig. 8 OTU-based visualized co-occurrence network plots representing
short-term (a) and long-term (b) greenhouse cucumber cultivation. A
connection stands for Spearman correlation with 0.6 < r < 0.93 (positive
correlation–blue edges) or − 0.93 < r < − 0.6 (negative correlation–red

edges) and statistically significant (p < 0.05). Each node represents taxa
affiliated at OTU level (based on 16S rRNA), and the size of node is
proportional to the number of connections (that is, degree)
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4 Discussion

In our study, the α diversity of bacterial community was rel-
atively stable as the extension of cucumber cultivation history
(Fig. 2), which agreed to previous findings through PLFA and
PCR-DGGE methods (Yao et al. 2016; Li et al. 2010).
However, the β diversity of bacterial community obviously
responded to consecutive greenhouse cucumber production
(Fig. 4). These results indicated that bacterial community
structure was more sensitive to continuous cropping practice
in the tested condition. Indeed, OTU-based hierarchical clus-
tering and PCoA analysis clearly demonstrated that bacterial
community structure was altered by continuous cucumber cul-
tivation powerfully. Further, the β diversity of bacterial com-
munity positively correlated to greenhouse cucumber produc-
tivity (Fig. 11D), also highlighting the important role of bac-
terial community structure in sustaining crop production. It is
well known that soil microorganisms are of fundamental im-
portance in energy flow, organic matter transformation, nutri-
ent cycling, pollutant degradation, stress resistance of crops,
and suppression of soil-borne diseases (Xiong et al. 2017;
Zhang et al. 2017; Lugtenberg and Kamilova 2009;
Raaijmakers et al. 2009). Soil microbial community structure
directly maps to soil biological functions and therefore links to
crop productivity closely (Lemanceau et al. 2015; Philippot

et al. 2013). Hence, improving soil microbial community
structure to unblocked soil inherent biological functions might
be crucial to overcome continuous cropping obstacles in long-
term intensive greenhouse production systems.

Compared to some traditional methods applied previously,
high-throughput sequencing supplied finer profile regarding bac-
terial community members in response to consecutive cucumber
cultivation. Our results confirmed that a few bacterial phyla were
significantly affected by cucumber cultivation history (Fig. 5).
Chloroflexi, Gemmatimonadetes, and Nitrospirae sensitively
responded to prolonged greenhouse cucumber cultivation. It has
been reported that prolonged potato monoculture increased aver-
age relative abundances of Chloroflexi and Gemmatimonadetes
while reducing that ofNitrospirae (Liu et al. 2014), whichwere in
good line with the results obtained here. In addition, similar re-
sults were also observed by Xiong et al. (2015a, b), Wu et al.
(2018), and Zhao et al. (2018) in continuous cropping systems of
other crops. By comparison with bacterial phyla, more clear al-
terations in average relative abundances of most of bacterial gen-
era were revealed. Here, we concentrated on some typical bacte-
rial genera, because thesemicrobial taxa are commonly correlated
to soil functioning and crop productivity via driving soil impor-
tant biological processes directly.

Firstly, average relative abundances of some beneficial and
putative biocontrol microbes were significantly inhibited by

Table 3 Correlations and
topological properties of soil
bacterial community networks

Network properties Short cultivation history Long cultivation history

Number of nodesa 210 208

Number of edgesb 2264 1969

Number of positive edgesc 1245 1088

Number of negative edgesd 1019 881

Positive edges: negative edgese 1: 0.818 1: 0.810

Modularityf 0.374 0.412

Number of communitiesg 6 6

Network diameterh 7 6

Average path lengthi 2.68 2.76

Average degreej 21.562 18.933

Average clustering coefficientk 0.319 0.309

aMicrobial taxon (at OTU level) with at least one significant (p < 0.05) and strong spearman correlation (0.6
< ∣r∣ < 0.93)
b Number of connections/correlations obtained by Gephi software
c Number of positive correlation (0.6 < r < 0.93 with p < 0.05)
d Number of negative correlation (− 0.93 < r < − 0.6 with p < 0.05)
e Numerical ratio of positive edge to negative edge
f Capability of the nodes to form highly connected communities, that is, a structure with high density of between
nodes connections
g A community is defined as a group of nodes densely connected internally
h Longest distance between nodes in the network, measured in number of edges
i Average network distance between all pair of nodes or the average length off all edges in the network
j Average number of connections per node in the network, that is, the node connectivity
k How nodes are embedded in their neighbourhood and the degree to which they tend to cluster together
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prolonged cucumber cultivation, such as Bacillus,
Solirubrobacter, and Rubrobacter (Table 1; Fig. 6). Bacillus is
well known as the most common biocontrol and plant growth-
promoting rhizobacteria (Santoyo et al. 2012; Handelsman and

Stabb 1996).Bacillus not only positively influences plant growth
through synthesis and excretion of auxin or cytokinin type
phytostimulating substances but also forms stable and extensive
biofilm and secretes many antifungal compounds protecting
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plants against attack by soil-borne pathogens (Shen et al. 2018;
Santoyo et al. 2012). Previous research in different replanted
apple orchards revealed that Solirubrobacter positively affected
plant growth (Franke-Whittle et al. 2015), suggesting its potential
being a beneficial agent. Rubrobacter is from Actinobacteria,
and previous researchers reported that, compared to Fusarium
wilt conducive soil, suppressive soil recruited more Rubrobacter
for disease suppressiveness (Siegel-Hertz et al. 2018). The reduc-
tions of relative shares of these beneficial microbes could incur
the invasions of soil-borne pathogens and thus affect crop health,
particularly for Bacillus, which was the second most abundant
genus next to Gp6 within bacterial community (Table 1).
Although we did not investigate the data involved in soil-borne
diseases in the tested greenhouse plots, field observations from
local farmers indeed confirmed more serious crop diseases with
prolonged cucumber cultivation.

Secondly, average relative abundances of some functional
genera also significantly decreased after long-term cucumber
cultivation, such as Nitrospira and Azoarcus (Table 1; Fig. 6).
Nitrospira performs soil nitrite oxidation because it carries spe-
cific nxr gene encoding nitrite oxidoreductase and therefore af-
fects crop N uptake and soil N availability (Daims et al. 2016).

Azoarcus harbours nitrogenase reductase (nifH) gene encoding
the iron protein subunit of nitrogenase and is capable of reducing
N2 into NH4

+ (i.e. biological nitrogen fixation) (Perez et al. 2014;
Soares et al. 2006; Wartiainen et al. 2008; Reinhold-Hurek and
Hurek 1997). These results suggested that soil N turnover was
inhibited by consecutive cucumber cultivation.

Thirdly, average relative abundances of some functional gen-
era significantly increased after prolonged greenhouse cucumber
cultivation, such as Thermomicrobium, Desulfotomaculum,
Agromyces , Sphaerobacter, and Mycobacterium .
Thermomicrobium potentially contributes to soil CO2 emissions
through oxidizing CO aerobically as energy source (de Miera
et al. 2014;Wu et al. 2009).Desulfotomaculum is well recognized
as sulfate-reducing bacteria, which also plays an important role in
geochemical transformations of heavy metals (Fan et al. 2017;
Lin et al. 2010; Liu et al. 2009). Agromyces plays an important
role in the degradation of xylan and cellulose (Wang et al. 2017;
Pepe-Ranney et al. 2016) and therefore affects soil C cycling
through decomposing crop residues and straw (Chávez-Romero
et al. 2016; Fan et al. 2014; Xu et al. 2018; Brennan and Acosta-
Martine 2017). Sphaerobacter is recognized as methylating mi-
crobes and involved in soil arsenic turnover (Jia et al. 2013; Zhai
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et al. 2017).Mycobacterium is capable of degrading and remov-
ing environmental pollutants, such as PAHs (Kumari et al. 2018;
Ma et al. 2018; Chen et al. 2018), pesticides (Fang et al. 2018),
and antibiotics (Wang et al. 2018; Fang et al. 2016). These results
suggested that some particular soil biological functions/ecological
services potentially changed after consecutive greenhouse pro-
duction due to the alterations in their agents. Due to high inputs
of agricultural chemicals and manures year after year, prolonged
greenhouse production may lead to the accumulations of soil
pollutants (i.e. heavy metals, PAHs, pesticide residues, antibi-
otics), which probably correlated to the increases in average rela-
tive abundances of these functional genera above mentioned.

As the most important habitat, the properties of soils regulate
soil microorganisms fundamentally. Our results indicated that
most of bacterial genera highly linked to soil physicochemical
variables (Table 2). The alterations in bacterial community mem-
bers could be attributable to significantly changed soil physico-
chemical environment in long-term intensive greenhouse pro-
duction (Liu et al. 2019). In addition, soil overall bacterial com-
munity structure was also induced by some physicochemical
variables obviously, such as available phosphorus and soil organ-
ic carbon (Fig. 7). Different groups of soil bacterial taxa prefer
different niches, and differentially adapt to soil physicochemical
environment corresponding (Mendes et al. 2014; Uroz et al.
2010; Dumbrell et al. 2010). Meanwhile, environmental
pressures/changes also drove the assembly of the microbial com-
munity effectively (Hargreaves et al. 2015; Wang et al. 2013).

Previous studies involved in soil microbial communities more
focused on microbial abundance, community diversity, and
structure. However, the interactions among communitymembers
were commonly overlooked. Here, bacterial OTU-based co-oc-
currence networks representing short and long cucumber cultiva-
tion history were constructed respectively, and their topological
properties were also analysed (Fig. 8; Table 3). Although both
networks were highly modular and had comparable the numbers
of modules and nodes as well as the similar composition of
nodes, our results clearly confirmed that prolonged cucumber
cultivation contributed to less complex and connected co-
occurrence network pattern in bacterial community compared
with that of short-term cultivation. Previous study in a continuous
potato monoculture system also pointed out that the interactions
and associations of soil fungal species were powerfully weak-
ened by continuous cropping practice (Lu et al. 2013). In this
study, higher number of edges in SCH network relative to that in
LCH network suggested that there existed stronger strength in
functional interrelation among soil bacterial members in the con-
dition of short-term greenhouse cucumber cultivation. Besides, a
relatively higher topological clustering coefficient and network
connectivity (i.e. number of edges and average degree) existed in
the soil with short-term cucumber cultivation shown that OTUs
had a higher tendency to share neighbours and benefit to more
effective resource utilization (Zhao et al. 2019, Morrieën et al.
2017). Further researches proposed that a highly connected

network provided more functional redundancy (Mougi and
Kondoh, 2012) and led to greater community stability, which
therefore benefited to stronger resistance to abiotic and biotic
disturbances (Yang et al. 2019, Mendes et al. 2018; Wei et al.
2015, 2018). These findings plus our results meant that
prolonged greenhouse cucumber cultivation drove a relatively
advantage-lacked organization among soil bacterial members
when suffering soil environmental changes and pathogen inva-
sion, and contrast bacterial taxa were used as crucial nodes (i.e.
keystone taxa) to re-construct the associations among bacterial
community members as continuous greenhouse cucumber culti-
vation. Co-occurrence networks obtained here and their topolog-
ical properties provide a new insight into bacterial community
assembly in long-term intensive cultivated greenhouse soils.

5 Conclusions

This study evaluated the shifts in soil bacterial community struc-
ture with increasing greenhouse cucumber cultivation years via
high-throughput amplicon sequencing. Prolonged greenhouse
cucumber production disturbed bacterial community structure,
which was powerfully revealed by the following: (1) significant
alterations in average relative abundances of soil beneficial mi-
crobes and some functional genera and (2) less complex and
connected co-occurrence network among bacterial taxa. Our
findings suggested that the alteration in soil bacterial community
structure and the advantage-lacked organization between bacte-
rial taxa may play an important role in the occurrence of contin-
uous cropping obstacles in long-term intensive greenhouse pro-
duction system. Exploring the mechanisms behind soil bacterial
community assembly in long-term intensive cultivated green-
house soils is required in the next work.
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