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• Long-term greenhouse cultivation (LG)
significantly increased soil C and N
pools.

• LG significantly affected greenhouse gas
emissions potential.

• LG had no effects on soil microbial di-
versity.

• LG markedly affected rare microbial
community composition.

• Rare rather than abundant microbial
taxa drive the changes in ecosystem
functions.
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Long-term greenhouse cultivation has an adverse effect on ecosystem functions such as soil carbon (C) and nitro-
gen (N) pools and greenhouse gas (GHG) emissions, but the underlying microbial mechanisms still remain un-
clear. Here, different sites under long-term greenhouse cultivation in a subtropical agricultural ecosystem were
selected to measure soil C and N contents, extractable organic C (EOC) and N (EON) contents, and potential
GHG emissions. Metagenomic analysis and 16S rRNA high-throughput sequencing were used to measure micro-
bial communities. The results showed that long-term greenhouse cultivation increased soil salinity, and signifi-
cantly increased soil total C and N contents, EOC and EON contents, and N2O emission potentials, although it
significantly decreased CO2 emission and CH4 oxidation potential compared with the ambient control. Changes
in soil CH4 oxidation and N2O emission potential exhibited similar patterns in the corresponding key functional
genes based on according to our metagenomic analysis. In addition, long-term greenhouse cultivation did not
change microbial diversity, although it clearly affected soil microbial community composition. Soil microbial
communities were further classified into rare and abundant microbial taxa. Rare rather than abundant microbial
taxa could adequately explain the changes in ecosystem functions, except for CH4 oxidation potential across the
treatments. To our knowledge, this is the first study to quantify the importance of microbial subcommunities to
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ecosystem functions on the basis of microbial co-occurrence network analysis under greenhouse cultivation in
agricultural ecosystems. Overall, our results indicated that rare rather than abundant microbial taxa could act
as indicators of variations in ecosystem functions under long-term greenhouse cultivation in subtropical agricul-
tural soils, which might be useful for better management practices and improving crop yields in agricultural
ecosystems.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Over many years, to meet the increasing global demand for human
food, greenhouse vegetable cultivation has been widely used world-
wide (Ju et al., 2007). However, long-term greenhouse cultivation can
cause increases in soil salinity,which, in turn, has adverse effects on eco-
system functions and crop yields (Miao et al., 2011). Given that ecosys-
tem functions are determined by soil biodiversity and microbial
communities (Delgado-Baquerizo et al., 2016; Wagg et al., 2014),
more andmore studies have focused on role andmechanisms of soilmi-
crobial communities under different management practices in agricul-
tural ecosystems (Acosta-Martínez et al., 2003; Yao et al., 2006).
However, themicrobialmechanisms under long-termgreenhouse culti-
vation in agricultural ecosystems still remain unclear.

It is known that soil microorganisms are extremely diverse with rel-
atively few abundant species and a large number of rare species (Shade
et al., 2012). Recent studies have increasingly emphasized the ecological
importance of the rare microbial taxa, because these rare taxa can in-
clude more metabolically active microorganisms than abundant taxa
(as measured by RNA to DNA ratios) and they may be keystone species
in terrestrial ecosystems (Lynch and Neufeld, 2015). Recently, a few
studies have investigated rare microbial taxa in aquatic ecosystems
and found that rare rather than abundant microbial taxa play an impor-
tant role in ecosystem functions such as nutrient cycling (Jousset et al.,
2017), particularly after ecosystem disturbance (Xue et al., 2018). In ad-
dition, rare microbial taxa can act as part of the microbial “seed bank”,
which may become dominant after disturbance and thus drive ecosys-
tem functions (Shade and Gilbert, 2015; Shade et al., 2014). A large
number of studies have focused on the co-occurrence patterns of abun-
dant and rare microbial taxa and their relative contributions in aquatic
ecosystems (Galand et al., 2009; Xue et al., 2018). However, few studies
have investigated the importance of rare and abundant microbial com-
munities subjected tomanagement practices in agricultural ecosystems,
especially under long-term greenhouse cultivation.

Ecosystem functions can be indicated by several variables such as
soil carbon (C) and nitrogen (N) pools and greenhouse gas (GHG) emis-
sions (Chandregowda et al., 2018). On the one hand, in general, soil C
and N pools are not sensitive to changes in different management prac-
tices, although the active components of soil C and N pools, (i.e., the soil
extractable organic C (EOC) and extractable organic N (EON) pools) can
rapidly respond to these changes (Haynes, 2005) and can provide a
short-term reservoir of nutrients for crop growth in agricultural ecosys-
tems (Ghani et al., 2003; Zhou et al., 2013). On the other hand, agricul-
tural ecosystems are important sources of GHG emissions and
contribute to about 10%–12% of total global GHG emissions (IPCC,
2013). Given that ecosystem functions in agricultural ecosystems are
mediated by soil microbial communities (Andresen et al., 2015;
Falkowski et al., 2008; Xiao et al., 2015), it is necessary to elucidate
the mechanisms of rare and abundant microbial subcommunities
under different greenhouse cultivationmethods, whichwill help us bet-
ter manage agricultural ecosystems and promote sustainable
development.

Here, sites under long-term greenhouse vegetable cultivation in a
subtropical agricultural ecosystem were selected to investigate ecosys-
tem functions and their underlying microbial mechanisms. The objec-
tives of this study were to (1) investigate the effect of long-term
greenhouse cultivation on ecosystem functions such as soil C and N
pools and potential GHG emissions, and (2) elucidate the mechanisms
of rare and abundantmicrobial subcommunities and their contributions
to ecosystem functions.

2. Materials and methods

2.1. Experimental site

The study site was a plastic greenhouse (width: 25m; length: 30m;
height: 2.5 m) located at a crop cultivation farm in Fengxian district,
Shanghai, southeastern China (30°52′N, 121°34′E). There was a typical
subtropical monsoon climate in this region with a hot, humid summer
and a drier, cold winter. The mean annual temperature is 15.8 °C and
mean annual precipitation is 1149 mm (Cui and Shi, 2012).

Three sites were selected. Two of them were subjected to different
periods of vegetable greenhouse cultivation (Fig. S1): an 8-year mid-
term greenhouse cultivation (hereafter referred to as MG) and a 21-
year long-term greenhouse cultivation (hereafter referred to as LG), as
well as a nearby ambient control site without greenhouse cultivation.
All these sites have been subjected to similar fertilizer and cultivation
treatments during the past 21 years. During the first 10 years, all sites
received an application of compound fertilizer at a rate of ~450g m−2

y−1, and the ratio of N: phosphorus (P): potassium (K) in the compound
fertilizer was 15%:15%:15%. During the past 10 years since 2009, all
these sites have received organic manure (cow manure and crop resi-
dues) at a rate of 6000 g m−2 y−1. The soil type in this region is a
loamy soil according to international soil classifications. Particle sizes
were similar among the treatments; the soil particle sizes were
53.41±0.88% for sand, 22.01±0.88% for silt and 24.58±1.58% for clay.

2.2. Measurements of soil physiochemical properties

Within each site, three plots measuring 3 m × 3 m were randomly
selected. Each plot was at least 2 m away from the others. Soil samples
were collected in June 2018 by using a diagonal sampling pattern using
a soil auger (5-cm in diameter) at a depth of 0–10 cm within each plot
(Gu et al., 2019). After passing the samples through a 2-mm sieve to re-
move roots and stones, the soil sampleswere stored at 4 °Cprior to anal-
ysis. Soil moisture contents were determined after the samples were
oven-dried at 105 °C overnight. Soil pH was measured at a 1:2.5 dry
soil/water ratio (Gu et al., 2019). Soil electrical conductivity (EC) and sa-
linity were measured at a 1:5 dry soil/water ratio (Datta et al., 2019).

2.3. Measurement of ecosystem functions

In this study, soil total C (TC) and total N (TN) contents, extractable C
and N contents (EOC and EON contents), as well as GHG emissions po-
tential as indicators of ecosystem functions were measured in soils sub-
jected to different greenhouse cultivation.

Regarding soil C and N contents, we first air-dried the soil samples
and then finely ground them. Soil TC and TN contents were measured
on a Vario MICRO cube elemental analyzer (Elementar, Germany) and
a Smartchem Discrete Auto Analyzer (Smartchem200, AMS, Italy) re-
spectively (Bu et al., 2018).Measurements of soil EOC and EON contents
has been described previously by Zhou et al. (2013).

Regarding soil GHG emissions potential, CH4, CO2 and N2O emission
potential were measured via laboratory incubations. Briefly, about 10 g
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(dryweight equivalent) of field-moist soil was incubated in a 1-L sealed
flask in the dark at 22 °C for 7 days as described before Bu et al. (2018).
The CH4 and CO2 and N2O concentrations in the gas samples were ana-
lyzed on a gas chromatograph (GC7890B, Agilent). Soil potential CH4

oxidation rates, and CO2 and N2O emissions were calculated from the
differences in the concentrations in the gas samples between the two
sampling times (Bu et al., 2018).

2.4. High-throughput sequencing of 16S rRNA and bioinformatics analysis

Soil genomic DNA was extracted from 0.5 g of each sample by fol-
lowing the procedures described previously (Zhou et al., 2010). The
bacteria-specific 16S rRNA primers of 515F and 907R were used to am-
plify the bacterial 16S rRNA gene (Bu et al., 2018; Chen et al., 2016). The
PCR products were run on a gel and the appropriate fragments were cut
and purified with the Qiagen Gel Extraction kit (Qiagen Inc., Shanghai,
China). The amplicons were sequenced on an Illumina Miseq platform
(Illumina, Nanjing, China). Subsequently, QIIME and UPARSE were
used to analyze the amplicons sequencing data as described before
(Bu et al., 2018). Paired-end data from each sample were joined with
FLASH (Magoc and Salzberg, 2011) using the default parameters. Oper-
ational taxonomic units (OTUs) were clustered at a similarity of 97%.

2.5. Definition of abundant and rare taxa

The definition of abundant and rare taxa depends on the cutoff level
of their relative abundance, setting 0.01% as rare OTUs and 1% as abun-
dant OTUs (Mangot et al., 2013; Pedrós-Alió, 2011; Xue et al., 2018).
These classifications can neglect the intermediate taxa (i.e., relative
abundance between 0.01 and 1%) and the oscillating taxa (i.e., rare
Fig. 1. Variations in soil C and N contents under long-term greenhouse cultivation in a subtro
lowercase letters indicate significant differences at P b .05 among the treatments. TC, total C; T
term greenhouse cultivation; LG, long-term greenhouse cultivation.
and abundant under different conditions). In this study, all OTUs were
classified into six categories following a recent study (Dai et al., 2016):
(1) always abundant taxa with a relative abundance of ≥1% in all sam-
ples; (2) conditionally abundant taxa with a relative abundance of
≥0.01% in all samples and ≥1% in some samples; (3) always rare taxa
with a relative abundance of b0.01% in all samples; (4) conditionally
rare taxa with a relative abundance of b0.01% in some samples but
never ≥1% in any sample; (5) moderate taxa with a relative abundance
between 0.01% and 1% in all samples; and (6) conditionally rare and
abundant taxa with a relative abundance ranging from rare (b0.01%)
to abundant (≥1%). In the comparative study of abundant and rare
taxa, the abundant taxa consisted of the always abundant and condi-
tionally abundant taxa, and the rare taxa, which comprised always
rare and conditionally rare taxa. Detailed and general descriptions of
abundant and rare data sets are presented in Supplementary Tables S2.

2.6. Metagenomic analysis of soil genomic DNA

Total DNA extracted from the soil samples was sequenced with an
Illumina HiSeq 4000 (Illumina). This produced an average of
109.83 Mb of high-quality reads for each sample, providing a total of
329.48 Mb of read data. The high-quality reads were assembled de
novo into contigs with Megahit version 1.0.6 (Li et al., 2015) with the
default parameters for all samples.

Then genes were predicted from the contigs with lengths of N500 bp
in MetaGeneMark (version 3.26) (Karlsson et al., 2013). A non-
redundant gene catalogue was constructed with CD-HIT using a se-
quence identity cut-off of 0.95 and a minimum coverage cut-off of 0.9
for the contigs (Li, 2015). The non-redundant catalogue contained
1,470,368 microbial genes. To assess the abundance of genes, high
pical agricultural farm. Data represent the means and standard errors (n = 3). Different
N, total N; EOC, extractable organic C; EON, extractable organic N; CK, control; MG, mid-

Image of Fig. 1


Fig. 2.Variations in soil CO2 emissions (a), CH4 oxidation potential (b) and N2O emissions (c) under long-term greenhouse cultivation in a subtropical agricultural farm. Data represent the
means and standard errors (n= 5). Different lowercase letters significant differences at P b .05 among the treatments. CK, control; MG, mid-term greenhouse cultivation; LG, long-term
greenhouse cultivation.
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quality reads were aligned to the gene cataloguewith Soapaligner (ver-
sion 2.21) with the following parameters: -m 100, -x 500, identity ≥95%
(Le Chatelier et al., 2013).

To determine the gene taxonomy classifications, protein sequences
of the predicted genes in our catalogue were searched against the
NCBI-NR database (June 2017 version) and the lowest common ances-
tor algorithm was used on alignments with an e-value of 10−5 or
lower (Huson et al., 2007). For functional annotation, protein sequences
of the predicted genes were searched against the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database (version 59), with DIAMOND
blastp and an e-value threshold of 10−5 (Buchfink et al., 2015). Each
protein was assigned a KEGG ortholog based on the best hit gene in
Fig. 3. Relative changes (%) in key genes involved in soil methane oxidation according to meta
cultivation (○) compared with the ambient control in a subtropical agricultural farm.
the KEGG database. The abundance of a KEGG ortholog was calculated
by summing the abundance of genes annotated to a feature.

2.7. Statistical analyses

One-way analysis of variance (ANOVA) was used to determine the
effects of different greenhouse cultivation on soil moisture contents,
pH, TC and TN contents, EOC and EON contents, NH4

+–N and NO3
−–N

contents, soil EC and salinity. For the incubation experiment, one-way
ANOVA was used to examine the effects of different treatments on soil
potential CH4 oxidation rates and CO2 and N2O emissions. After statisti-
cal analysis via ANOVA in the “stats” R package (R Foundation for
genomic sequencing in mid-term greenhouse cultivation (△) and long-term greenhouse

Image of Fig. 2
Image of Fig. 3


Fig. 4. Relative changes (%) in key genes involved in the soil cores' nitrogen cycle according to metagenomic sequencing in mid-term greenhouse cultivation (△) and long-term
greenhouse cultivation (○) compared with the ambient control in a subtropical agricultural farm. DNRA, dissimilatory nitrate reduction to ammonium.
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Statistical Computing, Vienna, Austria), Tukey's HSD test was used to
compare the significant differences among the treatments.

Venn diagram analysis was used to calculate the shared and unique
OTUs among the treatments. Alpha-diversity indiceswere computed via
the diversity function in the “vegan” R package (Xue et al., 2018). For
soil microbial community structure, beta-diversity was measured as
Bray–Curtis dissimilarity. The soil microbial community composition
was visualized via non-metric multidimensional scaling (NMDS)
based on Bray–Curtis dissimilarities. Mantel correlations between com-
munity composition and either environmental variables or GHG emis-
sions were also calculated. All ANOVA and correlation analyses were
performed in R (R Core Team, 2014).

To reduce the complexity of the datasets, OTUs present inmore than
six samples were retained for the construction of networks. A total of
888 OTUs were used for the network analyses. Statistical differences in
measured node-level attributes across different taxa were determined
by the nonparametric Mann–Whitney U test. Nodes with high degree
(N10) and low betweenness centrality values (recognized as keystone
species in co-occurrence networks(Berry and Widder, 2014).

2.8. Data availability

All raw sequences data from this study have been deposited in the
DNA Data Bank of Japan (DDBJ) biosample database with the accession
numbers of PRJDB8545.

3. Results

3.1. Ecosystem functions in soils under different treatments

Aswe expected, LG andMGhad significantly higher soil salinity than
the ambient control site, and LG had significantly higher soil salinity
than MG (Table S1). Changes in soil EC showed the same patterns as
soil salinity across the treatments. LG had significantly higher soil mois-
ture contents and lower pH than the ambient control site, although
there were no marked differences in these attributes between MG and
LG (Table S1).

LG andMGhad significantly higher soil TC and TN contents, EOC and
EON contents, and NH4

+–N and NO3
−–N contents compared with the

ambient control (Fig. 1 and Table S1), whereas LG had significantly
higher soil TC and TN contents, EOC and EON contents than MG. In ad-
dition, LG and MG had significantly lower CO2 emission potential, CH4

oxidation potential, but had significantly higher N2O emission potential
than the ambient control, except for CO2 emission potential between
MG and the control site (Fig. 2). LG had significantly higher CH4 oxida-
tion potential than MG (Fig. 2). Metagenomic analysis showed that LG
andMG had relatively lower pmoA (a key functional gene in CH4 oxida-
tion) genes (Fig. 3 and Table S4), although they had more nirS/nirK
genes but less nosZ genes (key denitrification genes linked to N2O emis-
sions) compared with the ambient control (Fig. 4 and Table S5).

3.2. Soil microbial subcommunities and their co-occurrence network under
different treatments

Overall, the sequencing of 16S rRNA genes yielded 99,486 high-
quality sequences and 2437 OTU numbers at 97% similarity level
(Table S2). LG and MG had significantly higher richness, ACE and
Chao1 index of rare microbial taxa than the ambient control, whereas
LG had significantly lower values for these characteristics than MG.
Rare and abundant microbial taxa were clearly separated across the
treatments (Fig. 5a), which was partly attributed to differences in 13
OTUs of abundant microbial taxa and OTUs of rare microbial taxa, as
shown in the Venn diagram (Fig. 5b). Compared with the abundant mi-
crobial taxa, rare microbial taxa showed a striking separation, which
was confirmed by a comparison of between-group distances among
the different treatments (Fig. 5c).

Microbial taxa were classified further into four groups (abundant
taxa, moderate taxa, conditionally rare and abundant rare taxa, and
rare taxa). Of them, the abundant taxa category includes two subgroups
(always abundant taxa and conditionally abundant taxa) and only ac-
counts for a fraction of the total number of OTUs (0.53%), whereas the
rare taxa category, which includes two subgroups (always rare taxa
and conditionally rare taxa), accounts for the majority of total bacterial
OTU numbers (97.62%) (Table S2). Based on the four subcommunities'
correlation relationships, a meta-community co-occurrence network
was built (Fig. 6a). This network consisted of 418 nodes linked by
1072 edges and was mainly composed of Proteobacteria and
Planctomycetes (Fig. S3). The network obtained scale-free characteris-
tics (power-law: R2 = 0.941), indicating that it was non-random.
Non-rare taxa (abundant taxa, moderate taxa and conditionally rare

Image of Fig. 4


Fig. 5. Variations in soil microbial community structure under long-term greenhouse cultivation (LG) and mid-term greenhouse cultivation (MG) in a subtropical agricultural farm.
(a) Non-metric multidimensional scaling (NMDS) ordination of soil bacteria communities based on Bray–Curtis distances. (b) Venn diagram showing the number of unique and
shared operational taxonomic units (OTUs) in three MG, LG and the control. (c) The pairwise Bray–Curtis dissimilarity of soil bacteria communities in three MG, LG and the control.
The top and bottom boundaries of each box indicate the 75th and 25th quartile values, respectively, and the lines within each box represent the median values (n = 3). Different
letters above bars indicate a significant difference at the P b .05 level according to nonparametric Mann–Whitney U test. All, total soil bacteria communities; Abundant, abundant soil
bacteria subcommunities; Rare, rare soil bacteria subcommunities. CK, control.
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and abundant rare taxa) had a strong connection with rare microbial
taxa (Fig. 6a). In general, rare microbial taxa had similar node-level to-
pological features such as degree, betweenness centrality and eigenvec-
tor centrality values to abundant microbial taxa (Fig. 6b and c and d),
but rare microbial taxa had significantly lower closeness centrality
than abundant microbial taxa (Fig. 6e). There were 32 keystone species
ofmicrobial taxa, most of which belonged to the raremicrobial taxa cat-
egory (Table S3).

3.3. Relationship between microbial subcommunities and ecosystem
functions

TheMantel test results indicated that all taxa combined and raremi-
crobial taxa rather than abundant microbial taxa were correlated with
soil moisture contents, pH, EC, salinity, TC, EOC and EON contents, and
rare microbial taxa exhibited stronger correlation relationships with
these properties than all taxa combined and abundant microbial taxa
(Table 2). Both rare and abundant microbial taxa showed significant
correlations with TN and NO3

−–N contents, but the former exhibited
stronger correlations with them than the latter (Table 2).
Total, abundant and raremicrobial taxa exhibited significant correla-
tionswith CO2 emission potential, with abundant microbial taxa having
the highest correlation coefficient. Rare and total rather than abundant
microbial taxa had significant correlations with N2O emission potential,
with rare taxa having the highest correlation coefficient. However, any
significant relationships between total, abundant or rare microbial
taxa, and soil CH4 oxidation potential were not found (Table 3).
4. Discussion

Soil microbial communities and their related ecosystem function
properties are considered to be one of the indicators of management
practices as they show a fast response to environmental changes
(Larkin, 2015; Yao et al., 2006). Rare and abundant microbial taxa ex-
hibited different responses to long-term greenhouse cultivation. There-
fore, it is necessary to elucidate the mechanisms of rare and abundant
microbial subcommunities under different greenhouse cultivation
methods, which is crucial for better management practices and crop
yields in agricultural ecosystems.

Image of Fig. 5


Fig. 6. Properties of microbial correlation-based network under long-term greenhouse cultivation in a subtropical agricultural farm. (a) Network analysis showing the intra-associations
within each subcommunity and inter-associations between different subcommunities. A connection stands for a strong (Spearman's r N 0.8 or r b −0.8) and significant (P-value b .01)
correlation. The size of each node is proportional to the number of connections (i.e., degree). Numbers outside and inside parentheses represent positive edge numbers and negative
edge numbers, respectively. (b–e) Comparison of node-level topological features among four different subcommunities. The top and bottom boundaries of each box indicate the 75th
and 25th quartile values, respectively, and lines within each box represent themedian values. Different letters above bars indicate a significant difference at the P b .05 level. AT abundant
taxa; RT rare taxa; MT moderate taxa; CRAT conditionally rare and abundant taxa.
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4.1. Ecosystem functions under long-term greenhouse cultivation

Long-term greenhouse cultivation can cause an accumulation of salt
in agricultural soils (Miao et al., 2011; Yao et al., 2006). Here, mid-term
and long-term greenhouse cultivation had 9 times and 13 times higher
saline concentrations than the ambient control, respectively (Table S1);
these values are much higher than those in previous studies (Kim et al.,
2016; Miao et al., 2011). Higher soil EC under long-term greenhouse

Image of Fig. 6


Table 1
Variations of long-term greenhouse cultivation on microbial richness, ACE and the Chao1
index, and the Shannon–Wiener diversity in a subtropical agricultural farm.

Richness ACE Chao1 Shannon–Wiener

All
CK 1057.33

± 83.72c
1267.50
± 42.99c

1258.11
± 46.32c

7.85 ± 0.83

MG 1522.33
± 32.74a

1869.94
± 41.22a

1877.56
± 41.28a

9.14 ± 0.08

LG 1260.33
± 33.34b

1596.06
± 37.46b

1603.96
± 33.93b

8.66 ± 0.10

AT
CK NA NA NA 3.41 ± 0.02a
MG NA NA NA 2.91 ± 0.06b
LG NA NA NA 3.36 ± 0.02a

RT
CK 1011.33

± 84.20c
1218.36
± 45.03c

1207.74
± 47.67c

9.12 ± 0.16b

MG 1471.00
± 32.97a

1816.05
± 40.99a

1823.21
± 43.06a

9.64 ± 0.05a

LG 1210.33
± 34.42b

1544.18
± 39.33b

1551.41
± 35.80b

9.21 ± 0.05b

Values are means ± standard error. Different lowercase letters in the same row indicate
significant differences at P b .05 among the treatments.
Note that abundant OTUswere persistent across all samples, and themeans and standard
error values of richness, ACE and Chao 1 indices cannot be calculated.
All, total soil bacteria; Abundant, abundant soil bacteria; Rare, rare soil bacteria; CK, con-
trol; MG, mid-term greenhouse cultivation; LG, long-term greenhouse cultivation.

Table 3
Spearman's correlations between soil microbial community with greenhouse gas, emis-
sions based on Mantel tests.

All Abundant Rare

CH4 oxidation potentials (μg kg−1 dry soil h−1) −0.113 0.001 0.042
CO2 emissions (mg kg−1 dry soil h−1) 0.417⁎ 0.611⁎⁎ 0.299⁎

N2O emissions (μg kg−1 dry soil h−1) 0.357⁎ 0.006 0.532⁎⁎

All, total soil bacteria communities; Abundant, abundant soil bacteria subcommunities;
Rare, rare soil bacteria subcommunities.
The significances are tested on the basis of 999 permutations.
Bold text indicates statistical significance.
⁎ P b .05 significance level.
⁎⁎ P b .01 significance level.
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cultivation supported the abovementioned changes in soil salinity
(Table S1).

Many studies have demonstrated that soil salinity and pH can shape
differences in soil microbial communities, thus influencing ecosystem
functions (Fierer et al., 2007; Kim et al., 2016; Shen et al., 2016; Yao
et al., 2006). In this study, long-term greenhouse cultivation produced
clear differences in soil bacterial communities from the other treat-
ments (Fig. 5). To our surprise, significantly differences in bacterial di-
versity were not observed across the treatments (Table 1), indicating
that bacterial diversity was, to some extent, not sensitive to salinity in
this agricultural soil.

In general, it is difficult to detect significant changes in soil C and N
contents after management practices. However, in this study, long-
term greenhouse cultivation had significantly higher soil C and N con-
tents. This is attributed to higher salinity under long-term greenhouse
cultivation, which inhibited soil microbial activities, such as CO2
Table 2
Spearman's correlations of soilmicrobial community and physiochemical factors, based on
Mantel tests.

Soil properties All Abundant Rare

Soil moisture 0.634⁎⁎ 0.002 0.771⁎⁎⁎

pH 0.686⁎⁎⁎ 0.042 0.776⁎⁎⁎

TC (g kg−1) 0.792⁎⁎⁎ 0.226 0.873⁎⁎⁎

TN (g kg−1) 0.637⁎⁎ 0.467⁎ 0.784⁎⁎⁎

EOC (mg kg−1) 0.728⁎⁎⁎ 0.299 0.878⁎⁎⁎

EON (mg kg−1) 0.646⁎⁎ 0.236 0.804⁎⁎⁎

NH4
+–N (mg kg−1) 0.198 −0.011 0.292⁎

NO3
−–N (mg kg−1) 0.320 0.340⁎ 0.449⁎

EC (μs cm−1) 0.751⁎⁎⁎ 0.268 0.878⁎⁎⁎

Salinity (mg g−1) 0.744⁎⁎⁎ 0.231 0.864⁎⁎⁎

TC, total C; TN, total N; EOC, extractable organic C; EON, extractable organic N; EC, electri-
cal conductivity.
All, total soil bacteria communities; Abundant, abundant soil bacteria subcommunities;
Rare, rare soil bacteria subcommunities.
The significances are tested on the basis of 999 permutations.
Bold text indicates statistical significance.
⁎ P b .05 significance level.
⁎⁎ P b .01 significance level.
⁎⁎⁎ P b .001 significance level.
emission potential (Fig. 2a), and thus increased the accumulation of
soil C and N contents. Soil EOC and EON contents act as active fractions
of soil C andN contents and aremore sensitive tomanagement practices
(Zhou et al., 2013). Our results showed higher soil EOC and EON con-
tents under long-term greenhouse cultivation, which was consistent
with previous findings and exhibited similar patterns to soil C and N
contents (Fig. 1).

It is known that soil CH4 oxidation and N2O emissions are mediated
by specific microorganisms (Singh et al., 2010; Tate, 2015). The former
is mediated by soil methane-oxidizing bacteria (Kolb, 2009), which
are aerobic microorganisms belonging to the methanotrophs. In gen-
eral, soil CH4 oxidation is sensitive to soil moisture contents, but not
other environmental changes (Tate, 2015; Zhou et al., 2014). However,
long-term greenhouse cultivation significantly decreased soil CH4 oxi-
dation potentials, which was supported by lower pmoA numbers, a
key CH4 oxidation gene involved this process (Fig. 3 and Table S4). On
the other hand, N2O emission aremediated by soil nitrifiers and denitri-
fiers; in general, N2O emissions are mainly a result of denitrification in
agricultural soil (Wang et al., 2018). A previous study showed that the
abundance of the nirS/nirK minus nosZ gene can act as a good indicator
of N2O emissions (Morales et al., 2010). In this study, the nirS/nirK
minus nosZ gene abundance was calculated across the treatments.
Long-term greenhouse cultivation had 1.62 times higher abundance
than these gene abundances than the ambient control (Fig. 4 and
Table S5), which might support higher N2O emission potential under
long-term greenhouse cultivation (Fig. 2c).

4.2.Mechanisms ofmicrobial subcommunities under long-termgreenhouse
cultivations

Ecosystem functions are controlled by soil biodiversity andmicrobial
communities (Yao et al., 2006; Larkin, 2015). In this study, rare micro-
bial taxa were more sensitive to long-term greenhouse cultivation
than abundantmicrobial taxa (Table 1). The reason for thismight be dif-
ferences in ecological strategies between them (Jousset et al., 2017;
Lynch andNeufeld, 2015). In general, abundantmicrobial taxa can com-
petitively utilize a broad array of resources, whereas rare microbial taxa
have less competitive ability and are restricted to few samples (Jousset
et al., 2017; Logares et al., 2015). This suggests that long-term green-
house cultivation can act as a kind of environmental filtering, which
can have a strong impact on the composition of soil microbial commu-
nities. Our results showed that long-term cultivation did not affect
total microbial diversity (Table 1) but it markedly altered microbial
community structures (Fig. 5a), which supported the previous
statement.

Network analyses can potentially provide deeper information on the
interactions of microbial subcommunities than simple diversity indices
and community structure descriptions (Ziegler et al., 2018). To our
knowledge, this is the first time correlation-based network analysis
has been applied to explore the co-occurrence patterns of rare and
abundant microbial subcommunities after long-term greenhouse culti-
vation. The topology of the network can reflect interactions among
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microorganisms (Hu et al., 2017). For example, the degree value de-
scribes the level of connectedness between OTUs, and the betweenness
centrality value provides information on how critical an OTU is to the
connectedness of a network (Ma et al., 2016). Our results showed that
raremicrobial taxa (i.e., rare OTUs) had higher degree values than abun-
dant microbial taxa (5.0 vs 1.6, respectively), although there were no
other differences between them (Fig. 6b). Previous studies have
shown that keystone nodes commonly occur initially as components
in networks with higher degree values (Berry and Widder, 2014). In
this study, the majority of keystone species (87%) in the co-occurrence
network were affiliated to rare taxa (Table S3). This suggests that rare
species play an irreplaceable role in maintaining ecosystem functions.

In general, positive interactions in the network can be considered as
indicators of cooperation (Ma et al., 2016). Rare microbial taxa showed
more positive interactions with non-rare microbial taxa than negative
ones in this study. Interactions between microorganisms can support
ecosystem function (Lynch and Neufeld, 2015; Ziegler et al., 2018). A
previous study demonstrated that less abundant taxa can act as impor-
tant keystone species in the rhizosphere networks (Shi et al., 2016). The
disappearance of these key species may cause themicrobial network to
break apart, so rare microbial taxa can be as important as abundant mi-
crobial taxa in maintaining ecosystem functions (Shi et al., 2016). Our
results showed that rare microbial taxa play an important role in main-
taining ecosystem functions, which might be further useful for better
management practices and improving crop yields in agricultural
ecosystems.
5. Conclusion

Compared with the ambient control, long-term greenhouse cultiva-
tion caused increase in soil salinity and pH,which then inhibited soilmi-
crobial activity and increased soil TC and TN contents, EOC and EON
contents, and N2O emission potential, but decreased CH4 oxidation po-
tential. Changes in CH4 oxidation and N2O emission potential showed
similar patterns to key CH4 oxidation genes and key denitrifier genes,
respectively, according to our metagenomic analysis under long-term
greenhouse cultivation. In addition, there were no marked differences
in soil microbial diversity across the treatments, but long-term green-
house cultivation clearly separated soil microbial communities. Rare
rather than abundant microbial taxa could adequately explain changes
in the majority of ecosystem functions. To our knowledge, this was
the first time that the role of microbial subcommunities has been quan-
tified through microbial co-occurrence network analysis in response to
greenhouse cultivations. Overall, our results indicate that long-term
greenhouse cultivation influences ecosystem functions via rare rather
than abundant microbial taxa in soils, which might be useful for better
management practices and improving crop yields in agricultural
ecosystems.

Acknowledgements

This study was supported by the Shanghai Science and Technology
Innovation Fund (No. 18391902300), the National Natural Science
Foundation of China (No. 31870497 and No. 31600406), and the Funda-
mental Research Funds for the Central Universities and ECNU Multi-
functional Platform for Innovation (008).

Declaration of competing interest

The authors declare no competing interests.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.136004.
References

Acosta-Martínez, V., Zobeck, T.M., Gill, T.E., Kennedy, A.C., 2003. Enzyme activities andmi-
crobial community structure in semiarid agricultural soils. Biol. Fert. Soils 38,
216–227.

Andresen, L.C., Moser, G., Seibert, R., Guillet, C., Grünhage, L., Donath, T.W., Otte, A.,
Hemfler, M., Achilles, F., Wegner, C.E., Liesack, W., Müller, C., 2015. Permanent man-
aged grassland at future climate change: is there a connection between GHG emis-
sion and composition of plant and microbial communities? Procedia Environ. Sci.
29, 156–157.

Berry, D., Widder, S., 2014. Deciphering microbial interactions and detecting keystone
species with co-occurrence networks. Front. Microbiol. 5, 219.

Bu, X., Gu, X., Zhou, X., Zhang, M., Guo, Z., Zhang, J., Zhou, X., Chen, X., Wang, X., 2018. Ex-
treme drought slightly decreased soil labile organic C and N contents and altered mi-
crobial community structure in a subtropical evergreen forest. Forest Ecol. Manag.
429, 18–27.

Buchfink, B., Xie, C., Huson, D.H., 2015. Fast and sensitive protein alignment using DIA-
MOND. Nat. Methods 12, 59–60.

Chandregowda, M.H., Murthy, K., Bagchi, S., 2018. Woody shrubs increase soil microbial
functions and multifunctionality in a tropical semi-arid grazing ecosystem. J. Arid En-
viron. 155, 65–72.

Chen, L., Luo, Y., Xu, J.M., Yu, Z.Y., Zhang, K.L., Brookes, P.C., 2016. Assessment of bacterial
communities and predictive functional profiling in soils subjected to short-term
fumigation-incubation. Microb. Ecol. 72, 240–251.

Cui, L., Shi, J., 2012. Urbanization and its environmental effects in Shanghai, China. Urban
Clim. 2, 1–15.

Dai, T.J., Zhang, Y., Tang, Y.S., Bai, Y.H., Tao, Y.L., Huang, B., Wen, D.H., 2016. Identifying the
key taxonomic categories that characterize microbial community diversity using full-
scale classification: a case study of microbial communities in the sediments of Hang-
zhou Bay. FEMS Microbiol. Ecol. 92, 1–11.

Datta, A., Mandal, A.K., Yadav, R.K., 2019. Proper measurement of electrical conductivity
and other parameters influence profile salinity and sodicity under different land
uses. Ecol. Indic. 101, 1004–1006.

Delgado-Baquerizo, M., Grinyer, J., Reich, P.B., Singh, B.K., 2016. Relative importance of soil
properties and microbial community for soil functionality: insights from a microbial
swap experiment. Funct. Ecol. 30, 1862–1873.

Falkowski, P.G., Fenchel, T., Delong, E.F., 2008. The microbial engines that drive Earth's
biogeochemical cycles. Science 320, 1034–1039.

Fierer, N., Bradford, M.A., Jackson, R.B., 2007. Toward an ecological classification of soil
bacteria. Ecology 88, 1354–1364.

Galand, P.E., Casamayor, E.O., Kirchman, D.L., Lovejoy, C., 2009. Ecology of the rare micro-
bial biosphere of the Arctic Ocean. P. Natl. Acad. Sci. U. S. A. 106, 22427–22432.

Ghani, A., Dexter, M., Perrott, K.W., 2003. Hot-water extractable carbon in soils: a sensi-
tive measurement for determining impacts of fertilisation, grazing and cultivation.
Soil Biol. Biochem. 35, 1231–1243.

Gu, X., Zhou, X., Bu, X., Xue, M., Jiang, L., Wang, S., Hao, Y., Wang, Y., Xu, X., Wang, G.,
Krause, S.M.B., Smaill, S.J., Clinton, P.W., 2019. Soil extractable organic C and N con-
tents, methanotrophic activity under warming and degradation in a Tibetan alpine
meadow. Agric. Ecosyst. Environ. 278, 6–14.

Haynes, R.J., 2005. Labile organic matter fractions as central components of the quality of
agricultural soils: An overview. Advances in Agronomy. Academic Press, pp. 221–268.

Hu, A.Y., Ju, F., Hou, L.Y., Li, J.W., Yang, X.Y., Wang, H.J., Mulla, S.I., Sun, Q., Burgmann, H.,
Yu, C.P., 2017. Strong impact of anthropogenic contamination on the co-occurrence
patterns of a riverine microbial community. Environ. Microbiol. 19, 4993–5009.

Huson, D.H., Auch, A.F., Qi, J., Schuster, S.C., 2007. MEGAN analysis of metagenomic data.
Genome Res. 17, 377–386.

IPCC, 2013. Climate change 2013: The physical science basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK.

Jousset, A., Bienhold, C., Chatzinotas, A., Gallien, L., Gobet, A., Kurm, V., Kusel, K., Rillig,
M.C., Rivett, D.W., Salles, J.F., van der Heijden, M.G.A., Youssef, N.H., Zhang, X.W.,
Wei, Z., Hol, W.H.G., 2017. Where less may be more: how the rare biosphere pulls
ecosystems strings. ISME J 11, 853–862.

Ju, X.T., Kou, C.L., Christie, P., Dou, Z.X., Zhang, F.S., 2007. Changes in the soil environment
from excessive application of fertilizers and manures to two contrasting intensive
cropping systems on the North China plain. Environ. Pollut. 145, 497–506.

Karlsson, F.H., Tremaroli, V., Nookaew, I., Bergstrom, G., Behre, C.J., Fagerberg, B., Nielsen,
J., Backhed, F., 2013. Gut metagenome in European women with normal, impaired
and diabetic glucose control. Nature 498, 99–105.

Kim, J.M., Roh, A.S., Choi, S.C., Kim, E.J., Choi, M.T., Ahn, B.K., Kim, S.K., Lee, Y.H., Joa, J.H.,
Kang, S.S., Lee, S.A., Ahn, J.H., Song, J., Weon, H.Y., 2016. Soil pH and electrical conduc-
tivity are key edaphic factors shaping bacterial communities of greenhouse soils in
Korea. J. Microbiol. 54, 838–845.

Kolb, S., 2009. The quest for atmospheric methane oxidizers in forest soils. Env. Microbiol.
Rep. 1, 336–346.

Larkin, R.P., 2015. Soil health paradigms and implications for disease management. In:
VanAlfen, N.K. (Ed.), Annual Review of Phytopathology. Annual Reviews, Palo Alto,
pp. 199–221.

Le Chatelier, E., Nielsen, T., Qin, J.J., Prifti, E., Hildebrand, F., Falony, G., Almeida, M.,
Arumugam, M., Batto, J.M., Kennedy, S., Leonard, P., Li, J.H., Burgdorf, K., Grarup, N.,
Jorgensen, T., Brandslund, I., Nielsen, H.B., Juncker, A.S., Bertalan, M., Levenez, F.,
Pons, N., Rasmussen, S., Sunagawa, S., Tap, J., Tims, S., Zoetendal, E.G., Brunak, S.,
Clement, K., Dore, J., Kleerebezem, M., Kristiansen, K., Renault, P., Sicheritz-Ponten,
T., de Vos, W.M., Zucker, J.D., Raes, J., Hansen, T., Bork, P., Wang, J., Ehrlich, S.D.,
Pedersen, O., Meta, H.I.T.C., 2013. Richness of human gut microbiome correlates
with metabolic markers. Nature 500, 541–549.

https://doi.org/10.1016/j.scitotenv.2019.136004
https://doi.org/10.1016/j.scitotenv.2019.136004
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0005
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0005
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0005
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0010
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0010
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0010
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0010
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0015
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0015
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0020
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0020
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0020
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0020
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0025
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0025
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0030
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0030
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0030
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0035
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0035
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0035
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0040
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0040
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0045
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0045
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0045
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0045
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0050
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0055
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0055
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0055
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0060
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0060
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0065
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0065
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0070
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0070
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0075
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0075
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0075
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0080
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0080
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0080
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0085
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0085
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0090
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0090
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0095
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0095
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0100
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0100
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0100
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0105
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0105
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0110
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0110
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0110
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0115
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0115
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0120
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0120
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0120
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0125
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0125
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0130
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0130
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0130
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0135
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0135


10 M. Xue et al. / Science of the Total Environment 706 (2020) 136004
Li, W., 2015. Fast program for clustering and comparing large sets of protein or nucleotide
sequences. In: Nelson, K.E. (Ed.), Encyclopedia of Metagenomics: Genes, Genomes
and Metagenomes: Basics, Methods, Databases and Tools. Springer US, Boston, MA,
pp. 173–177.

Li, D.H., Liu, C.M., Luo, R.B., Sadakane, K., Lam, T.W., 2015. MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct de Bruijn
graph. Bioinformatics 31, 1674–1676.

Logares, R., Mangot, J.-F., Massana, R., 2015. Rarity in aquatic microbes: placing protists on
the map. Res. Microbiol. 166, 831–841.

Lynch, M.D.J., Neufeld, J.D., 2015. Ecology and exploration of the rare biosphere. Nat. Rev.
Microbiol. 13, 217–229.

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

Magoc, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve
genome assemblies. Bioinformatics 27, 2957–2963.

Mangot, J.F., Domaizon, I., Taib, N., Marouni, N., Duffaud, E., Bronner, G., Debroas, D., 2013.
Short-term dynamics of diversity patterns: evidence of continual reassembly within
lacustrine small eukaryotes. Environ. Microbiol. 15, 1745–1758.

Miao, Y., Stewart, B.A., Zhang, F., 2011. Long-term experiments for sustainable nutrient
management in China. A review. Agron. Sustain. Dev. 31, 397–414.

Morales, S.E., Cosart, T., Holben, W.E., 2010. Bacterial gene abundances as indicators of
greenhouse gas emission in soils. ISME J 4, 799–808.

Pedrós-Alió, C., 2011. The rare bacterial biosphere. Annu. Rev. Mar. Sci. 4, 449–466.
R Core Team, 2014. R: A Language and Environment for Statistical Computing. R Founda-

tion for Statistical Computing, Vienna, Austria.
Shade, A., Gilbert, J.A., 2015. Temporal patterns of rarity provide a more complete view of

microbial diversity. Trends Microbiol. 23, 335–340.
Shade, A., Hogan, C.S., Klimowicz, A.K., Linske, M., McManus, P.S., Handelsman, J., 2012.

Culturing captures members of the soil rare biosphere. Environ. Microbiol. 14,
2247–2252.

Shade, A., Jones, S.E., Caporaso, J.G., Handelsman, J., Knight, R., Fierer, N., Gilbert, J.A., 2014.
Conditionally rare taxa disproportionately contribute to temporal changes in micro-
bial diversity. mBio 5, 1–14.

Shen, W.S., Ni, Y.Y., Gao, N., Bian, B.Y., Zheng, S.A., Lin, X.G., Chu, H.Y., 2016. Bacterial com-
munity composition is shaped by soil secondary salinization and acidification
brought on by high nitrogen fertilization rates. Appl. Soil Ecol. 108, 76–83.
Shi, S.J., Nuccio, E.E., Shi, Z.J., He, Z.L., Zhou, J.Z., Firestone, M.K., 2016. The interconnected
rhizosphere: high network complexity dominates rhizosphere assemblages. Ecol.
Lett. 19, 926–936.

Singh, B.K., Bardgett, R.D., Smith, P., Reay, D.S., 2010. Microorganisms and climate change:
terrestrial feedbacks and mitigation options. Nat. Rev. Microbiol. 8, 779–790.

Tate, K.R., 2015. Soil methane oxidation and land-use change – from process to mitiga-
tion. Soil Biol. Biochem. 80, 260–272.

Wagg, C., Bender, S.F., Widmer, F., van der Heijden, M.G.A., 2014. Soil biodiversity and soil
community composition determine ecosystem multifunctionality. P. Natl. Acad. Sci.
111, 5266–5270.

Wang, C., Wang, N., Zhu, J., Liu, Y., Xu, X., Niu, S., Yu, G., Han, X., He, N., 2018. Soil gross N
ammonification and nitrification from tropical to temperate forests in eastern China.
Funct. Ecol. 32, 83–94.

Xiao, Y., Huang, Z., Lu, X., 2015. Changes of soil labile organic carbon fractions and their
relation to soil microbial characteristics in four typical wetlands of Sanjiang Plain,
Northeast China. Ecol. Eng. 82, 381–389.

Xue, Y.Y., Chen, H.H., Yang, J.R., Liu, M., Huang, B.Q., Yang, J., 2018. Distinct patterns and
processes of abundant and rare eukaryotic plankton communities following a reser-
voir cyanobacterial bloom. ISME J 12, 2263–2277.

Yao, H., Jiao, X., Wu, F., 2006. Effects of continuous cucumber cropping and alternative ro-
tations under protected cultivation on soil microbial community diversity. Plant Soil
284, 195–203.

Zhou, X.Q., Wang, J.Z., Hao, Y.B., Wang, Y.F., 2010. Intermediate grazing intensities by
sheep increase soil bacterial diversities in an Inner Mongolian steppe. Biol. Fert.
Soils 46, 817–824.

Zhou, X., Chen, C., Wang, Y., Xu, Z., Duan, J., Hao, Y., Smaill, S., 2013. Soil extractable carbon
and nitrogen, microbial biomass and microbial metabolic activity in response to
warming and increased precipitation in a semiarid Inner Mongolian grassland.
Geoderma 206, 24–31.

Zhou, X.Q., Dong, H.B., Chen, C.R., Smaill, S.J., Clinton, P.W., 2014. Ethylene rather than dis-
solved organic carbon controls methane uptake in upland soils. Glob. Chang. Biol. 20,
2379–2380.

Ziegler, M., Eguiluz, V.M., Duarte, C.M., Voolstra, C.R., 2018. Rare symbionts may contrib-
ute to the resilience of coral-algal assemblages. ISME J 12, 161–172.

http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0140
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0145
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0145
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0145
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0150
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0150
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0155
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0155
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0160
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0160
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0165
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0165
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0170
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0170
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0175
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0175
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0180
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0180
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0185
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0190
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0190
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0195
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0195
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0200
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0200
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0205
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0205
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0210
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0210
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0210
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0215
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0215
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0215
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0220
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0220
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0225
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0225
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0230
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0230
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0230
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0235
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0235
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0235
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0240
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0240
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0240
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0245
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0245
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0245
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0250
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0250
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0250
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0255
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0255
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0255
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0260
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0265
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0265
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0265
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0270
http://refhub.elsevier.com/S0048-9697(19)36000-0/rf0270

	Rare rather than abundant microbial communities drive the effects of long-�term greenhouse cultivation on ecosystem functio...
	1. Introduction
	2. Materials and methods
	2.1. Experimental site
	2.2. Measurements of soil physiochemical properties
	2.3. Measurement of ecosystem functions
	2.4. High-throughput sequencing of 16S rRNA and bioinformatics analysis
	2.5. Definition of abundant and rare taxa
	2.6. Metagenomic analysis of soil genomic DNA
	2.7. Statistical analyses
	2.8. Data availability

	3. Results
	3.1. Ecosystem functions in soils under different treatments
	3.2. Soil microbial subcommunities and their co-occurrence network under different treatments
	3.3. Relationship between microbial subcommunities and ecosystem functions

	4. Discussion
	4.1. Ecosystem functions under long-term greenhouse cultivation
	4.2. Mechanisms of microbial subcommunities under long-term greenhouse cultivations

	5. Conclusion
	Acknowledgements
	Declaration of competing interest
	Appendix A. Supplementary data
	References


