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Saline soils suppress plant growth and reduce yield worldwide, thereby pose a serious threat to agriculture.
Although microbes drive major biogeochemical cycles and play an integral role in agricultural production,
understanding of the microbial distribution patterns in saline agricultural systems remains limited. Here we
investigated the co-occurrence and biogeographical patterns of bacterial communities in saline agricultural soils
at a regional scale in north-west China. Our results revealed a trend towards increasing bacterial abundance at
higher longitudes. By contrast, bacterial diversity exhibited diﬀerent spatial patterns and declined with increasing salinity. Bacteroidetes, Gammaproteobacteria, Alphaproteobacteria and Gemmatimonadetes were the
dominant groups across all soil samples (> 5% of all sequences). Additionally, members belonging to
Flavobacteriaceae, Cytophagaceae, Halomonadaceae, Acidobacteria and Gemmatimonadetes were identiﬁed as indicators across the salinity gradient. Salinity levels also aﬀected the modularity of bacterial co-occurrence
networks, with module composition diﬀering between soil salinity levels. Bacteria belonging to Acidobacteria
subgroup 4, Acidobacteria subgroup 6, Gemmatimonadetes and Rhodospirillales were statistically identiﬁed as the
keystone taxa. Geographical distance explained 5.08% of the community variation, whereas soil parameters
explained 27.26% variation, with salinity as a major driver explaining 15.18% of the variation. Therefore,
bacterial communities were geographically distributed along the longitude gradient, and soil salinity was more
important than geographical isolation in shaping soil bacterial communities. Taken together, our results indicate
that salinity alters bacterial network modularity and drives spatial distribution in saline agricultural soils.

1. Introduction
Soil salinity poses a major threat to agricultural productivity in arid
and semi-arid areas (Rozema and Flowers, 2008; Wang et al., 2008).
Xinjiang is the largest province in China; however, more than 32.6% of
the arable land comprises saline soils, which causes a 10% reduction in
crop production and economic losses of more than 500 million US
dollars per year (Xi et al., 2006). Soil microbes play a crucial role in
integral ecosystem processes such as decomposition, pathogenesis and
nutrient cycling (Bardgett and van der Putten, 2014; Fierer, 2017;
Philippot et al., 2013; Wagg et al., 2014). Microbial communities largely determine the sustainable productivity of agroecosystems (Bender
et al., 2016; Hartmann et al., 2015; van der Heijden et al., 2008); any
loss in microbial diversity may have implications for soil ecosystem
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functioning (Delgado-Baquerizo et al., 2016a; Maron et al., 2018).
Therefore, information on microbial diversity and distribution is important for the understanding of microbial processes in the saline
agricultural ecosystem. Although soil bacterial distribution has been
widely investigated in agricultural and pristine ecosystems (DelgadoBaquerizo et al., 2018a; Durrer et al., 2017; Fan et al., 2017; Ramirez
et al., 2018; Xue et al., 2018; Waldrop et al., 2017; Wang et al., 2019),
and even in natural saline ecosystems (Albright and Martiny, 2018;
Canfora et al., 2015; Pandit et al., 2015), reports from saline agricultural ecosystems are limited (Shen et al., 2016). As a result, our
knowledge of microbial communities in saline agricultural soils is still
rudimentary.
Soil bacterial communities can vary in predictable ways along broad
environmental gradients (e.g. soil carbon, climate, geographical
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remaining soils were tested for their physicochemical properties.

distance, vegetation type, aridity, etc.) (Delgado-Baquerizo et al.,
2016b, 2018b; Hou et al., 2018; Karimi et al., 2018; Leﬀ et al., 2015,
Lozupone and Knight, 2007; Maestre et al., 2015; Pino et al., 2019;
Prober et al., 2015). However, there is still an active debate about the
eﬀect of salinity in the structuring of the bacterial communities in
saline soils. For example, bacterial communities were shown to be
driven by water content and phosphorus, rather than salinity, in soils
and sediments from a hypersaline lake (Hollister et al., 2010). Conversely, both salinity and pH were the major determinants of bacterial
communities in saline soils under halophytic vegetation (Zhao et al.,
2018). For saline agroecosystems, with lower pH variation and higher
nutrient input when compared to natural saline environments, it is
possible that salinity or/and nutrients are the dominant factors driving
bacterial communities.
A growing body of evidence has revealed that bacterial diversity is
related to increasing latitude due to the combined eﬀects of both environmental parameters (climate, edaphic) and geographical distance
(Bahram et al., 2018; Tian et al., 2018; Sul et al., 2013b; Thompson
et al., 2017). By contrast, longitudinal gradients often cross few climatic
zones with a minor climatic diﬀerence; only a few studies shown bacterial biogeographical distribution varied along longitudinal gradients
to date (Pino et al., 2019). It is remarkable that saline soils in arid zones
usually span a narrow latitudinal but a broad longitudinal range (Zhang
et al., 2013), which has relatively low variation in precipitation and
temperature range. These considerations raise a pertinent question of
whether salinity is the driver beyond the other climatic and soil parameters in that speciﬁc longitudinal transect where salinity is an important issue.
In this study, we collected soils from an arid zone to investigate
bacterial biogeographical patterns in saline agroecosystems. The sampling sites were located in an oasis at the northern foot of the Tianshan
Mountains in Xinjiang, which is the most representative saline agriculture region in the arid zone of China. The oasis extends along the
east–west direction. Nearly 40% (the area of salinized cultivated land in
2013 was 323.45 × 104 ha) of agricultural soils in this region suﬀer
from salinization (Zhang et al., 2017). Furthermore, extensive drip irrigation and agricultural practices lead to an increase in soil salinization. Here we investigated bacterial biogeographical patterns in saline
agricultural soils by addressing three hypotheses: (i) there is no longitudinal gradient in the bacterial community in agricultural soils in this
region; (ii) salinity is the main factor shaping bacterial community
structure in the saline agricultural ecosystem; (iii) salinity aﬀects bacterial co-occurrence patterns.

2.2. Soil physicochemical property determination
The main soil types of the sampling locations were Hapli-Orthic
Aridosols (9 out of 31 sites) and Parasalic Ochri-Aquic Cambosols (8 out
of 31 sites); sandy soil and sandy loam soil dominated the soil texture
(Table S1). Soil soluble salt content (SC), soil moisture (H2O%), available phosphorus (AP) and available potassium (AK) were determined
by methods described elsewhere (Miranda et al., 2001). Soil soluble salt
content was determined after drying the residue. Brieﬂy, we weighed a
sample of air-dried soil (m, accurate to 0.01 g) and transferred it to a
ﬂask. The required amount of carbon dioxide-free distilled water (v)
was added at soil/water rations of 1:5, and it was immediately ﬁltered
after shaking for 3 min. Then, the required amount of ﬁltrate (v0) was
added in a dish with known constant weight (m0) and dried at
100–105 °C·H2O2 was used for removing organic matter in the residue.
After residue was dried to the constant weight (m1), the total amount of
water-soluble salts was calculated by the following formula: total
(m − m ) × v × 1000
water-soluble salt content (g kg−1) = 1 m0 × v
; soil moisture was
0
measured after oven drying at 105 °C for 24 h; available phosphorus
was measured by using a spectrophotometer (UVmini-1240, Shimadzu,
Japan); available potassium was determined by using an atomic absorption spectrum analyzer (240-AA, Agilent, USA). Soil pH was measured by using a pH meter after shaking a soil/water (1:5, w/v) suspension for 30 min. Soil organic matter (OM) and total nitrogen (TN)
were measured by using a CN Analyzer (Vario Max CN, Elementar,
Germany). Mineral nitrogen was determined by using a Skalar SAN Plus
Segmented Flow Analyzer (Skalar Analytic B.V., De Breda, The Netherlands). Ion concentrations were detected by using inductively coupled
plasma mass spectrometry (ELAN 9000/DRC-e, PerkinElmer, USA).
2.3. Quantitative PCR (qPCR) analysis
The abundance of the 16S rRNA gene was determined in a
LightCycler® 480 (Roche Applied Science) using the primer pairs 338F
and 518R (Lane, 1991; Muyzer et al., 1993). All qPCR reactions were
conducted in triplicate with the DNA extracted from each sample. Each
PCR reaction was performed in a 20 μL volume containing 10 μL of
SYBR Premix Ex TaqTM (Takara, Dalian, China), 0.4 μL of 10 μM forward and reverse primers (each), and 2 μL DNA template (10 ng μL−1).
The qPCR reaction program was: 95 °C for 1 min; followed by 30 cycles
of 10 s at 95 °C, 30 s at 53 °C and 1 min at 72 °C. This was followed by a
plate read at 83 °C. A 10-fold dilution series of standard curves for the
qPCR assays was generated with the target gene insert as described
previously (Liu et al., 2016). The copy number for the 16S rRNA gene
was calculated per g of dry soil by the following formula: copy number

2. Materials and methods
2.1. Study area and soil sampling

(X) × C × V

= 0.5n × (1 − M ) , where X indicates the copy number of insert gene detected
by qPCR, n indicates the amount of DNA used as template in the qPCR
(ng), C and V indicate the concentration (ng μL−1) and the volume (μL)
of the extracted DNA, respectively, 0.5 indicates the amount of soil used
for DNA extraction (g), M indicates soil moisture (Sun et al., 2015).

The study area was established along a 410 km east–west soillongitudinal gradient (84°13′ E to 89°11′ E) across 12 counties in central Xinjiang, China (Fig. 1a). The climate in the area was deﬁned as a
temperate continental climate. This study area receives 150–170 frostfree days per annum, with a mean annual air temperature of 5 °C. The
annual precipitation varies from 100 to 200 mm, while the annual
evaporation varies from 1500 to 3200 mm. Soil samples were collected
at 31 sites across the oasis from September 20 to 25, 2016. At each site,
four 100 m2 areas were randomly selected. In each area, soils (0–15 cm)
were collected at ten sampling points and mixed to obtain one composite sample. In total, 124 soil samples were collected. Solid salt crusts
were removed before sampling (Fig. 1b). The composited soil samples
were sieved through a 2 mm mesh to remove the plant residues and
stones. A portion of each soil sample was put into a 50 ml centrifuge
tube. These tubes were immediately transferred to the laboratory by
using a cooler-box and kept in a refrigerator until the end of the respective sampling campaign for about four days. Finally, these samples
were stored at −80 °C until soil DNA extraction was carried out. The

2.4. Illumina MiSeq sequencing
The bacterial 16S rRNA gene targeted at the hypervariable V4 region was ampliﬁed by PCR using an 8 nucleotide barcoded forward
primer 515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and the reverse
primer 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) (Caporaso et al.,
2011). PCR reactions were performed in a 25 μL mixture containing
1 μL of each primer (at 10 μmol L−1), 2 μL template DNA (10 ng μL−1)
and 22 μL Platinum PCR SuperMix (Invitrogen, Shanghai, China). The
following thermal program was used for ampliﬁcation: 94 °C for 4 min;
followed by 26 cycles of 94 °C for 30 s, 50 °C for 45 s and 72 °C for
1 min; followed by a ﬁnal extension at 72 °C for 7 min. Each sample was
2
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Fig. 1. Proﬁles of the study area. (a) Sampling points across saline agricultural soils in the oasis. The study area was established along a 410 km geographical distance
across 12 counties in north-west China. (b) Saline agricultural lands in the study area. Salts accumulated in the upper soil proﬁle. (c) Maps of the bacterial abundance
and diversity in the study area generated through Kriging. AD, abundance; PD, phylogenetic diversity; PN, phylotype number.

correlations between the abundances of 16S rRNA, the diversity, the
relative abundance of the taxonomic lineages and geochemical properties using SPSS 18.0 for Windows. Bacterial co-occurrence patterns
were assessed with network analysis using the maximal information
coeﬃcient (MIC) scores (Reshef et al., 2011). MIC associations were
calculated using the MINE function available in the minerva package in
R (Albanese et al., 2013). For network analysis, samples were grouped
into ﬁve categories based on the level of salt content (g per kg of soil).
These categories were: 1–5, 5–10, 10–15, 15–20, and > 20. For an
equal number of sites and unbiased networks, three sites and their respective four replicates were selected for each category. Networks were
constructed using the “igraph” (Csárdi and Nepusz, 2006) and “qgraph”
packages (Epskamp et al., 2012). Nodes with the highest combined
score of high degree, high closeness centrality, high transitivity, and
low betweenness centrality were identiﬁed as the keystone taxa (Berry
and Widder, 2014). This score underpins a higher connectivity and the
central importance of a node in the network. Node attributes were
calculated in the “igraph package”. Bacterial beta-diversity patterns
across the salinity gradient were assessed with principal coordinate
analysis (PCoA) (Lozupone and Knight, 2005). Signiﬁcant eﬀects of
environmental variables on bacterial beta-diversity patterns between
the sites were assessed by Mantel test. A partial Mantel test was used to
explain the correlations between bacterial community composition and
the soil factors and spatial factors (Liu et al., 2016). Canonical correspondence analysis (CCA) was performed to identify spatial factors and
environmental variables driving the diﬀerence in bacterial community
composition. Indicator species were determined by the Dufrene-Legendre indicator species analysis method to identify operational taxonomic unit (OTUs) that were speciﬁcally associated with the diﬀerent
salinity regimes (Sun et al., 2016). In addition, a variance partitioning
analysis (VPA) based on a redundancy analysis procedure was conducted to quantify the relative contributions of environmental variables
to the bacterial community compositions using the “vegan” package in
R (Oksanen et al., 2013).

ampliﬁed in triplicate, and the PCR products were pooled and puriﬁed
using an Agarose Gel DNA Puriﬁcation kit (TaKaRa, Dalian, China). An
equimolar amount of the PCR products was combined into one pooled
sample and paired-end sequenced (2 × 300) using an Illumina MiSeq
platform at Majorbio BioPharm Technology Co., Ltd., Shanghai, China.
Original paired-end reads were merged with FLASH software
(Magoč and Salzberg, 2011). The joined reads were assigned into each
sample based on its unique an eight-base sample speciﬁc barcode sequence, and then were processed and analyzed using the QIIME pipeline version 1.8.0 (Caporaso et al., 2010; http://qiime.org/). Brieﬂy,
reads which were < 200 bp in length, and/or with a mean quality
score < 25 were removed, while only reads overlapped more than
10 bp that were assembled based on their overlap sequences. Chimeras
were detected and removed using the Uchime algorithm (Edgar et al.,
2011). The trimmed sequences were then clustered into OTUs (operational taxonomic units) with a 97% similarity cut oﬀ using QIIME’s
pick_open_reference_otus.py. The taxonomic information for each 16S
rRNA gene was determined using the Ribosomal Database Project
classiﬁer with a conﬁdence threshold of 0.80 (http://rdp.cme.msu.edu/
) (Cole et al., 2005). Alpha diversity (i.e., OTU richness, Chao1,
Shannon, phylogenetic diversity) was conducted using the QIIME’s
core_diversity_analyses.py. with 27, 000 rareﬁed sequences per sample
basing on the minimal sequence depth among all sample, while the
rarefaction coverage used as a measurement of captured diversity was
calculated according to the previous report (Chelius and Triplett,
2001). The raw sequences were deposited in the GenBank short-read
archive (Sequence Read Archive – accession no. SRP136143).

2.5. Statistical analysis
We predicted the spatial distribution of bacterial abundance and
alpha-diversity based on automatic kriging interpolation using the
function autoKrige in the “automap” package (Hiemstra et al., 2009).
Spearman's correlation coeﬃcients were used to identify signiﬁcant
3
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3. Results

phyla were identiﬁed (Table S4).
The relative abundances of dominant groups including Bacteroidetes,
Gammaproteobacteria and Actinobacteria were positively correlated with
soil salinity, while Acidobacteria, Chloroﬂexi and Planctomycetes were
negatively correlated with soil salinity. Other factors correlated with
the relative abundances of the major bacterial groups were pH, soil
organic matter, H2O% and NO3−-N (Table 1).

3.1. Soil physicochemical properties
The wide variety of physicochemical characteristics of the 31 sites
are summarized in Table S1. Soil salinity was highly varied, from 1.30
to 24.35 g kg−1 (m/m). The soil samples also diﬀered from each other
in terms of nutrients and soil moisture (Table S1). The pairwise geographical distance between the sampling sites ranged from 5.72 to
406.98 km (Table S2). Spearman’s correlation analysis showed that
longitude was signiﬁcantly (p < 0.05) related to numerous measured
soil properties such as total potassium, total phosphorus and soil organic matter (Table S3), but had no autocorrelation with soil salinity.

3.3. Bacterial abundance and diversity
Bacterial abundance, which was in the range of 1.51 × 106 to
1.33 × 107 copies per g of dry soil (Table S1), was positively correlated
(p < 0.05) with soil organic matter, total nitrogen and total phosphorus, and negatively correlated (p < 0.05) with pH and total potassium (Table S5). A pairwise analysis showed that bacterial abundance increased with increasing geographical longitude (Fig. 1c; Fig.
S2). Bacterial diversity showed diﬀerent spatial patterns when compared to abundance (Fig. 1c). Bacterial diversity was highly variable
with respect to both phylogenetic diversity (which ranged from 134 to
235) and phylotype richness (which ranged from 649 to 1183) across
the soils (Table S1). We found that the alpha-diversity (Shannon index,
Chao 1, OTU richness, phylogenetic diversity) was negatively aﬀected
(p < 0.05) by soil salinity, available phosphorus and soil moisture
(Table S5). Regardless of the diversity index employed, as shown in Fig.
S3, the bacterial diversity was best expressed by linear equation and it
was strongly correlated with soil salt, followed by available phosphorus
and soil moisture.

3.2. Distribution of taxa and phylotypes
Rarefaction curves showed that all soil sample curves sharply increased within 5000 sequencing depth, after that the curves reached
their asymptotes, indicating that the data generated was enough for
subsequent analyses (Fig. S1). The dominant phyla (relative abundance > 5%) across all soils were Bacteroidetes (20.48%), Gammaproteobacteria (15.92%), Alphaproteobacteria (11.79%), Gemmatimonadetes
(10.84%), Actinobacteria (9.44%), Acidobacteria (6.04%), Chloroﬂexi
(6.04%) and Planctomycetes (5.02%), which together accounted for
more than 85.6% of the bacterial sequences (Fig. 2a). In addition, Betaproteobacteria, Deltaproteobacteria, Firmicutes and Verrucomicrobia
were present in most soils at low relative abundance, and 26 other rarer

3.4. Environmental factors that correlate with bacterial structures
Mantel tests identiﬁed soil salinity as the dominant factor correlating with bacterial community structures (Table S6), which was also
evident from the PCoA analysis (Fig. 2b). The eﬀect of salinity was
apparent even at a very coarse level of taxonomic resolution (Table 1).
For example, dominant bacterial phyla (e.g. Bacteroidetes and Gammaproteobacteria) across all soils (Fig. 2a; Table S4) were signiﬁcantly
(p < 0.05) correlated with the salinity gradient (Table 1). In addition,
the relative abundance of 15 other phyla were signiﬁcantly correlated
with salinity (Table 1). Other factors such as soil organic matter and pH,
also aﬀected the community composition (Table S6).
3.5. Indicator taxa cross saline soils
To identify the indicator taxa in saline soil, we roughly divided
bacterial communities into ﬁve groups along the salinity gradient based
on PCoA analysis (Fig. 2b). OTU4796 was the most abundant indicator
taxon in the soils with a salinity < 5.0 g kg−1, and it belonged to the
family Flavobacteriaceae (Table S7). OTU1132 (Cytophagaceae),
OTU238 (Acidobacteria subgroup 6, the family could not be identiﬁed),
OTU3214 (Gemmatimonadetes, family S0134_terrestrial_group), and
OTU6515 (Halomonadaceae) were the indicator taxa in soils with salinity between 5.0 and 10.0 g kg−1, 10.0–15.0 g kg−1, 15.0–20.0 g kg−1
and above 20.0 g kg−1, respectively.
3.6. Network topological features along salinity gradients
To determine co-occurrence patterns of bacteria in saline soils, a
meta-network was constructed (Fig. 3). The network comprised 676
nodes and 3640 edges with a mean degree of 10.77, mean shortest path
length of 5.59 and mean clustering coeﬃcient of 0.59. With a modularity of 0.76, 61.6% of the total nodes clustered into the three biggest
modules. The numbers of nodes in the three modules were 149, 136 and
108. The module composition largely diﬀered between soil salinity levels. Nodes associated with salinity level 1 (salinity 1–5 g kg−1) and
level 2 (salinity 5–10 g kg−1) are clustered in module III. Salinity level
3 (salinity 10–15 g kg−1) is clustered in module I, whereas salinity level

Fig. 2. Structure and composition of bacterial communities across salinity levels. (a) Stacked bar chart showing the relative abundance of the dominant
bacterial groups in all soils combined and in soils separated according to salt
gradients. Relative abundances are based on the proportional frequencies of
those DNA sequences that could be classiﬁed. (b) Community structure was
assessed by beta-diversity patterns using PCoA plots of weighted UniFrac distances.
4
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Table 1
The correlation (r) and signiﬁcance (p) values of linear regressions between relative abundances of bacterial groups and soil SC, pH, OM, NO3−-N and H2O%.
Phylum

Acidobacteria
Actinobacteria
Alphaproteobacteria
Armatimonadetes
Bacteroidetes
Betaproteobacteria
Chlorobi
Chloroﬂexi
Cyanobacteria
Deinococcus-Thermus
Deltaproteobacteria
Elusimicrobia
Fibrobacteres
Firmicutes
Gammaproteobacteria
Gemmatimonadetes
Hydrogenedentes
JL-ETNP-Z39
Nitrospirae
Planctomycetes
SHA-109
Saccharibacteria
Verrucomicrobia

SC
r

p

pH
r

p

OM
r

p

NO3−-N
r

p

H2O%
r

p

−0.581
0.284
−0.047
−0.651
0.569
−0.534
−0.518
−0.447
−0.126
0.296
−0.402
0.012
0.177
0.265
0.187
0.028
−0.202
−0.153
−0.513
−0.405
−0.448
−0.083
−0.230

< 0.001
0.001
0.602
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.164
0.001
< 0.001
0.899
0.049
0.003
0.038
0.760
0.024
0.090
< 0.001
< 0.001
< 0.001
0.358
0.010

−0.122
0.144
−0.263
0.298
0.066
−0.134
0.075
−0.044
−0.099
0.425
0.026
−0.083
−0.318
0.206
−0.208
0.248
0.165
−0.210
0.054
0.289
0.309
−0.078
0.406

0.177
0.112
0.003
0.001
0.468
0.139
0.410
0.627
0.275
< 0.001
0.775
0.357
< 0.001
0.022
0.021
0.005
0.067
0.019
0.550
0.001
< 0.001
0.387
< 0.001

0.186
−0.394
−0.150
−0.261
0.247
−0.058
0.012
0.093
−0.080
−0.171
−0.019
0.055
0.127
−0.401
−0.215
0.274
−0.208
−0.118
−0.216
−0.136
−0.135
0.130
0.065

0.038
< 0.001
0.096
0.003
0.006
0.519
0.898
0.304
0.378
0.057
0.832
0.541
0.160
< 0.001
0.016
0.002
0.021
0.190
0.016
0.131
0.135
0.150
0.475

−0.105
0.135
−0.262
−0.174
0.208
−0.451
−0.138
0.154
0.010
0.265
0.019
0.062
−0.120
0.367
−0.066
−0.156
0.285
0.179
−0.091
0.116
−0.282
−0.203
−0.201

0.246
0.136
0.003
0.053
0.020
< 0.001
0.126
0.087
0.914
0.003
0.830
0.491
0.185
< 0.001
0.465
0.084
0.001
0.047
0.317
0.200
0.002
0.024
0.025

0.090
−0.462
−0.208
−0.270
0.260
−0.107
−0.088
−0.088
−0.135
−0.281
0.052
0.157
0.073
−0.483
−0.023
0.356
−0.377
−0.151
−0.182
−0.248
−0.111
0.141
0.068

0.322
< 0.001
0.020
0.002
0.004
0.237
0.332
0.333
0.135
0.002
0.567
0.082
0.419
< 0.001
0.800
< 0.001
< 0.001
0.094
0.044
0.005
0.219
0.117
0.455

SC, total water-soluble salt content; OM, organic matter; NO3–-N, nitrate nitrogen. Values in bold indicate signiﬁcant correlation.

4 (salinity 15–20 g kg−1) and level 5 (salinity greater than 20 g kg−1)
are clustered in module II. Gammaproteobacteria, Betaproteobacteria,
Actinobacteria and Bacteroidetes co-occurred evenly in module I; Bacteroidetes was predominant in module II, co-occurring with Alphaproteobacteria, Gemmatimonadetes and Gammaproteobacteria; Acidobacteria
dominated module III, co-occurring with Gemmatimonadetes and
Chloroﬂexi. Members of Acidobacteria subgroup 4, Acidobacteria subgroup 6, Gemmatimonadales and Rhodospirillales were the keystone taxa
across the saline gradient (Table 2).

contributions to the variance in the bacterial community. The VPA
shown for these variables explained 45.12% of the bacterial community
variation, with salinity explaining 15.18% and geographical distance
explaining 5.08% of the variation (Fig. 6). These results are indicative
that both soil properties and geographical distance are important factors in shaping bacterial community distribution.
4. Discussion
4.1. Bacterial community composition in saline agricultural soils

3.7. Linking bacterial communities to soil properties and geographical
distance

Our study showed that bacterial communities in saline agricultural
soils are distinct and considerably diﬀerent from those described in
other agricultural soils. For example, previous studies found
Acidobacteria,
Proteobacteria
(Alphaproteobacteria
and
Betaproteobacteria) and Actinobacteria dominate phyla in agricultural
soils across the USA (Fierer and Jackson, 2006), Canada (Banerjee
et al., 2016a) and North China (Fan et al., 2017; Liu et al., 2014).
However, Bacteroidetes, Proteobacteria (Gammaproteobacteria and Alphaproteobacteria) and Gemmatimonadetes were the dominant phyla in
the saline soils in our study. The relative abundance of Chloroﬂexi,
Gemmatimonadetes and Planctomycetes was nearly 5% in agricultural

In order to further examine the bacterial community distribution
patterns over spatial distance, the distance-decay of the community was
calculated (Fig. 4; Fig. 5). We found a clear compositional distancedecay relationship in saline soils, and geographical distance signiﬁcantly (r = 0.254, p < 0.001) correlated with bacterial community
structure (Fig. 4; Fig. 5). Geographical distance combined with environmental parameters without strong autocorrelations (soil salinity,
pH, soil organic matter, total potassium and NO3−-N) were selected by
the BioEnv procedure. These parameters were employed to assess their

Fig. 3. Network analysis showing the co-occurrence in bacterial communities at various salinity levels. (a) Networks are colored by modules. (b) Phylum-level
composition of the dominant modules in networks. (c) Proportion of phylogenetic lineages of the total nodes in networks.
5
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Table 2
Bacterial keystone taxa and their respective topological parameters in the salinity network.
OTU no.a

Taxonomy#

Degree

Betweenness centrality

Closeness centrality

Transitivity

OTU1861

c_Acidobacteria
o_subgroup 4
c_Gemmatimonadetes
o_Gemmatimonadales
c_Alphaproteobacteria
o_Rhodospirillales
c_Gemmatimonadetes
o_Gemmatimonadales
c_Acidobacteria
o_subgroup 6
c_Acidobacteria
o__subgroup 6
c_Acidobacteria
o__subgroup 4
Unclassiﬁed
c_Gemmatimonadetes
o_unclassiﬁed
c_Acidobacteria
o_subgroup 6

40

0.002

0.023

0.618

39

0.002

0.023

0.642

41

0.003

0.023

0.602

39

0.002

0.023

0.623

31

0.000

0.023

0.811

38

0.002

0.023

0.642

35

0.001

0.023

0.696

33
33

0.001
0.001

0.023
0.023

0.748
0.733

34

0.001

0.023

0.704

OTU1934
OTU69
OTU1590
OTU6243
OTU4833
OTU9089
OTU2489
OTU614
OTU1042

#c_ and o_ indicate class and order, respective
a
The top ten taxa with the combined score of high degree, high closeness centrality, low betweenness centrality and high transitivity were selected as keystone
taxa.

soils has been a matter of contention in the last few years due to contrasting evidence (Hollister et al., 2010; Lozupone and Knight, 2007).
For example, salinity has been found to be a major driver of bacterial
community structure in sediments globally and saline soils under halophytic vegetation (Lozupone and Knight, 2007; Thompson et al.,
2017; Zhao et al., 2018), however, it was not signiﬁcant in sediments
and soils from a hypersaline lake in southern Texas (Hollister et al.,
2010). Our study focused on bacterial communities in saline agricultural soils and we found that the community structure was primarily

soils (Liu et al., 2014), by contrast, the relative abundance of these
three phyla was nearly 22% in our study. Despite diﬀerences in agricultural practices across studies, our results suggest that bacterial
community composition might be altered by particular factors in saline
agricultural soils.
4.2. Soil salinity dominated bacterial community structure
The contribution of salinity to bacterial community dissimilarity in

Fig. 4. Relationships between geographical distances and bacterial community distances as indicated by the unweighted and weighted pairwise UniFrac diﬀerences
in phylotype composition between sites.
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driver of soil bacterial communities in the USA (Fierer and Jackson,
2006; Landesman et al., 2014; Lauber et al., 2009; Zhou et al., 2016),
Canada (Banerjee et al., 2016a), in the Arctic (Chu et al., 2010), the UK
(Griﬃths et al., 2011) and China (Fan et al., 2017; Liu et al., 2014; Shen
et al., 2013). Our previous study also found soil pH was equally important as salinity in structuring bacterial communities in saline soils
under halophytic vegetation (Zhao et al., 2018). By contrast, pH only
explained 2.05% of the variation in bacterial communities in the current study. These diﬀerences could be due to the fact that the current
study contained only alkaline soils with a small range of pH values,
thereby the bacterial community might be more sensitive to salinity and
applications of nutrients.
Interestingly, total potassium played a relatively more important
role than pH in shaping bacterial community distribution in this speciﬁc study area. The available potassium signiﬁcantly aﬀects the composition of the bacterial community in wild saline soils (Zhao et al.,
2018). We infer that total potassium combined with other soil factors
aﬀect the individual bacterial life-history ‘strategies’, such as competitive strategies or behavior (Prosser et al., 2007), thereby contributing to
the bacterial community structure. For example, the eﬀect of salinity on
microbial communities can vary due to speciﬁc salt ions (ratio of Ca2+/
Na+/ K+) (Rath and Rousk, 2015). Therefore, the K+ ions might indirectly aﬀect bacterial communities.

Fig. 5. Distance-decay curves of similarity for the bacterial communities.
Environmental distance was ﬁtted on the bacterial community similarity. The
relationships between bacterial communities and environmental or spatial
distance were evaluated by partial Mantel test.

driven by soil salinity rather than other factors such as geographic
distance, soil organic matter, soil pH, etc. Both richness and phylogenetic diversity exhibited a negative relationship with soil salinity in the
present study. This is consistent with previous studies showing that
microbial community richness and evenness decrease with increasing
waterlogged and salt-rich soils and sediments (Hollister et al., 2010),
suggesting that salinity might shape groups by their tolerance or aﬃnity for salts.

4.4. Changes in indicator taxa
Indicator taxa varied among saline soils; close relatives for many
OTUs could be identiﬁed; yet, some remained unidentiﬁed. Families
Flavobacteriaceae and Cytophagaceae belong to the CytophagaFlavobacterium group, which are chemoorganotrophs (Kirchman, 2002).
Acidobacteria subgroup 6 was predominant in mineral soil throughout
North and South America (Jones et al., 2009) and in German grasslands
(Naether et al., 2012). Similarly, members of the family Halomonadaceae and genus Halomonas have been isolated from saline environments
(https://www.ezbiocloud.net/taxonomy). Class Gemmatimonadetes was
found across all of the saline soils; however, we know little about the
indicator taxon related to this class, which only has three cultured type
strains (https://www.ezbiocloud.net/taxonomy).

4.3. Eﬀects of nutrients and pH
Soil organic matter, NO3−-N, as well as soil pH and moisture
strongly correlated with bacterial community structure in saline agricultural soils. These properties have been shown to be important factors
in inﬂuencing soil bacterial diversity or/and composition in other
agricultural soils (Banerjee et al., 2016b; Liu et al., 2014; Sul et al.,
2013a; Shen et al., 2016). However, in our study, the response of
bacterial groups to soil organic matter and pH diﬀered from previous
observations. For example, previous work found a signiﬁcant and positive relationship between the relative abundance of Actinobacteria and
organic carbon in agricultural black soil (Liu et al., 2014), but it was not
detected in another agricultural soil (Shen et al., 2016), whereas it was
negatively related in the current study. Moreover, pH was the primarily

4.5. Co-occurrence patterns of saline soil bacteria
Modules consist of highly interconnected microorganisms (Bissett
et al., 2013). Similar to those in other systems, the meta-network constructed here for saline soil bacterial communities exhibited modular
characteristics. Three modules strongly linked to saline niche diﬀerentiation. This was consistent with previous reports that modules can

Fig. 6. The eﬀects of geographical distance and soil variables on the phylogenetic structure of bacterial communities by CCA and by variation partition analysis. SC,
total water-soluble salt content; OM, organic matter; TK, total potassium; NO3−-N, nitrate nitrogen.
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communities display a strong biogeographical distribution along longitude in saline agricultural soils in the arid zone of north-west China.
The compositional variation of bacterial communities was correlated
with soil factors and geographic location, but the former better explained the observed longitudinal patterns. Soil salinity was more important than soil pH, nutrients and moisture in aﬀecting the composition and diversity of the soil bacterial community. Network modularity
was linked to niche diﬀerentiation across salinity levels. Bacterial
groups belonging to Acidobacteria were the keystone taxa in saline-alkaline soils, which might be linked to their ability to decompose organic
matter. Overall, our results suggest that salinity alters bacterial diversity, community composition, and co-occurrence patterns in saline
agricultural soils.

be interpreted as niches (Eiler et al., 2012; Wu et al., 2016). The different environmental relationships among modules are indicative of the
role of habitat heterogeneity in module formation (Olesen et al., 2007).
Modules I and II linked to high soil salinity were dominated by Proteobacteria and Bacteroidetes; in contrast, module III linked to low soil
salinity was dominated by Acidobacteria. Members belonging to Proteobacteria and Bacteroidetes are generally considered as copiotrophs (rstrategists), while Acidobacteria are known as oligotrophs (K-strategists)
(Fierer et al., 2007). Proteobacteria and Bacteroidetes might have required greater cooperation with other bacteria for utilizing substrates
under high salinity stress. On the other hand, Acidobacteria might have
the ability to compete for limited resources and form extensive associations among its members under low pressure from salinity.
Bacterial groups belonging to Acidobacteria subgroup 4,
Acidobacteria subgroup 6, Gemmatimonadetes and Rhodospirillales
emerged as the keystone taxa in saline agricultural soils. Interestingly,
although Acidobacteria had low relative abundance in all saline soils,
the majority of keystone taxa were Acidobacteria had a high closeness
centrality and transitivity. As suggested in a recent study, keystone taxa
or keystone guilds may aﬀect microbiome structure irrespective of their
abundance (Banerjee et al., 2018). Acidobacteria correlate with carbon
mineralization and organic matter-degradation rate (Banerjee et al.,
2016c; Fierer et al., 2007). Therefore, this group has the potential to
establish associations with other taxa and govern carbon dynamics in
saline soils. Nevertheless, the roles of detected keystone taxa were
speculated from what has previously been described in other systems
and a challenge remains to uncover the ecological roles of these important community members in saline agricultural systems.
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4.6. Biogeographical distribution of bacterial communities
In previous biogeographical studies, climatic conditions (e.g., temperature and precipitation) correlated with the bacterial community as
those varied with latitude (e.g., low temperature corresponds with low
diversity at high latitudes) (Bahram et al., 2018; Thompson et al.,
2017). While climate did not diﬀer substantially across the research
zone in our study, we still observed strong biogeographical patterns of
bacterial communities in this area. These results suggest a stronger soil
environment control on bacterial patterns than longitudinal gradients.
Shifts in bacterial communities over the longitudinal gradient may be
triggered by the combination of soil factors in a speciﬁc environment
(e.g. arid and saline agricultural soils). For instance, soil organic C
content, but not pH, drove the variation in microbial communities in
global drylands, which diﬀer from previous records from other terrestrial ecosystems (Maestre et al., 2015). It also may be due to past
evolutionary events (geographical distance isolation). As stated by Ge
and colleagues (Ge et al., 2008), geographical distance does not directly
aﬀect soil bacterial diversity per se. Geographical distance may be related to the possibility of past divergence and diversiﬁcation of bacterial assemblages, which are inherited by the genetic isolation due to
spatial separation (Ge et al., 2008; Martiny et al., 2011). It should also
be noted that geography shapes pedology and soil genesis processes,
which could strongly determine the soil biodiversity (McBratney et al.
2018; Pino et al. 2019). Finally, soil factors and geographical distance
explained 45.12% of the total variation and the remaining 54.88% of
the variation was unexplained, which may be due to unmeasured factors. For example, agricultural practices such as mechanical harvesting
(Durrer et al., 2017), chemical contaminants (Wang et al., 2019), other
soil parameters such as iron oxides (Ma et al., 2017) and organic matter
mineralisation (Tian et al., 2018) have been reported to aﬀect microbial
biogeographical patterns.
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