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HIGHLIGHTS

o Soil salinity increased Cd availability in Cd-contaminated soil due to long-term wastewater irrigation.

o Saline stress significantly changed major soil bacteria in Cd-contaminated soil.

e Bacterial community structure is associated with soil Cd availability under saline stress.

e Seasonal variation played a critical role in altering soil physiochemical characteristics and shaping bacterial communities.
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soil health, decrease the productivity of farmland, and even cause land degradation. In this study, we
explored the impact of saline stress on soil bacterial communities and Cd availability in long-term
wastewater-irrigated field soil. Different amounts of saline stress by adding 0.1, 0.3 and 0.5% salts in a
fixed proportion (NaCl: NaSO4: NaHCOs3: NayCO3 =1:9:9:1) were applied in a 1-year, multiple cropping

Handling Editor: T Cutright system with winter wheat (Triticum aestivum L.) and summer maize (Zea mays L.) in wastewater-polluted

soil. Increased salinity in the soil increased Cd availability: compared with CK (no extra salts addition),
Keywords: addition of 0.5% mixed salts significantly increased soil available Cd up by 67.5% and grain Cd concen-
Cadmium tration by 43.7%, and adding 0.5% salts also resulted in the increases of soil pH (~0.5 unit) and electric
Saline stress conductivity (97.4%). Soil saline stress significantly changed major soil microbes in Cd-contaminated soil.
Bacterial community Increased saline stress enriched taxa in the Bacillaceae, Staphylococcaceae and Pseudomonadaceae

Wastewater irrigation bacterial families, while one family within Proteobacteria (Sphingomonadaceae) was the most sensitive

biomarker, based on Cd contamination without saline stress in CK-treated soils. Structural equation
modeling (SEM) analysis revealed that soil saline stress induced an increase in soil Cd availability that
was regulated by the bacterial community.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Agricultural irrigation with wastewater is inevitable, due to
severe water scarcity in arid, semiarid and dry areas around the
world, unfortunately the use of untreated wastewater is becoming
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or diluted wastewater (Brzezinska et al., 2011; Cirelli et al., 2012;
Verbyla et al., 2016). Wastewater irrigation has the advantage of
transferring fertilizing elements (e.g. nitrogen, phosphorous, po-
tassium), low molecular weight organic compounds, and meso/
micro-nutrients into agricultural soil, all of which are essential
nutritive substances for plants and soil organisms to grow (Pedrero
et al,, 2010; Gatta et al., 2015). More importantly, wastewater irri-
gation allows for disposal of treated effluents in an economical and
environmentally-friendly way (Gatta et al., 2015). However, in
addition to nutrients, most wastewaters contain many heavy
metals, pathogenic bacteria and viruses (Stevik et al., 2004), and
therefore, the environmental issues and health concerns associated
with wastewater re-use cannot be ignored. Wastewater irrigation
may adversely affect not only the soil structure, soil quality, and
crop development but also the surrounding environment, ecolog-
ical safety and human health (Awasthi et al., 2016).

Wastewater irrigation could transfer different types of metals
such as Fe, Zn, Pb, Ni, Cd, and Cu, which can gradually accumulate in
soil especially with long-term application. These metals are not
only phytotoxic and easily accumulated in the edible parts of leafy
vegetables, they also disturb soil microbial communities
(Becerracastro et al., 2015). Saha et al. (2015) reported that the
concentrations of heavy metals in sewage-irrigated vegetables
crossed the safe limits for human consumption. Similarly, Singh
et al. (2010) found that continuous application of wastewater for
more than 20 years led to accumulation of heavy metal(loid)s (Cd,
Cr, Cu, Ni, Pb, and Zn) in the soil and the concentrations of Cd, Pb,
and Ni in all tested vegetables exceeded the critical levels. Metal
accumulation in soil after wastewater irrigation was found to be
associated with phosphatase activity and soil ATP content, and to
suppress or alter the diversity and activity of arbuscular mycor-
rhizal fungi and metal resistant bacteria (Becerracastro et al., 2015).

In addition to heavy metals, high levels of dissolved inorganic
substances like soluble salts are also contained in wastewater; total
dissolved salts in treated wastewater can range from 200 to
3000 mg/L (Muyen et al., 2011; Ganjegunte et al., 2018). Therefore,
wastewater irrigation has the potential to promote soil salinization.
Salts that accumulate through evapotranspiration to a high level in
soil could impose various stresses to plant growth, such as hyper-
osmotic stress, oxidative stress and ion toxicity (Nakayama et al.,
2006; Sou/Dakouré et al., 2013). In sodic soils, frequent ionic ex-
change of Na* and H* causes the dissociation of water in soil so-
lution, resulting in increased levels of NaOH in the medium; as a
consequence, the soil pH may increase to values above 10.5 (Sou/
Dakouré et al., 2013). Soil pH exhibited consistent negative corre-
lations with soil structure, and high soil pH results in the dissolu-
tion of organic matter, the disintegration of soil aggregates, and
increases the extent of soil compaction (Regelink et al., 2015). These
effects further alter soil microbial structure and function due to
limiting air permeability and oxygen availability (Gémez-Acata
et al., 2016). These structural disturbances lead to crusting and
sealing on the surface of soils with high salt and pH levels, which
negatively influences emergence of seedlings and growth of plant
roots, ultimately leading to difficulties in planting crops (Sou/
Dakouré et al., 2013). In addition, it has been reported that soil
salinity affect the mobility of heavy metals. For example, when the
base ions of Ca®* and Mg?* are more concentrated, competition
with bivalent metal ions like Pb%* and Cd** could be promoted,
leading to the easy release of these toxic ions from soil aggregates
into plant tissues (Sruthi et al., 2017). Cadmium (Cd) is considered
one of the most severe environmental pollutants and has had
negative impacts on the human food chain and human health,
because Cd is highly toxic (Pal et al., 2017). The increase/decrease of
soil Cd availability could determine the toxicity of Cd to plants and

affect the transfer of Cd from soil to the human food chain.
Therefore, it is critical to study the change of soil Cd availability
under saline stress in a long-term wastewater-irrigated field.

Because the growth and activity of microorganisms are sensitive
to changes in soil structure and properties including nutrients, pH,
temperature, and water content, the characteristics of soil bacterial
community (diversity and composition) can be considered bio-
indicators of soil health (Zhang et al., 2015; Gomez-Acata et al.,
2016; Wang et al.,, 2019). The influences of wastewater irrigation
on soil bacterial communities have been widely reported (Wang
et al., 2017; Ibekwe et al., 2018): soil physicochemical properties
like increased pH, salinity, and high levels of heavy metals affect
soil microbial community size, composition, structure, function and
activity. However, limited information is available to address the
influence of increased salinity on soil Cd availability due to long-
term wastewater irrigation. The objectives of this study were: 1)
to determine the response of soil Cd availability to different
amounts of saline stress in long-term wastewater-irrigated field
soil; 2) to assess whether soil bacterial communities were directly
affected by saline stress; and 3) to assess the relative contribution of
soil structure and properties to the changes in soil bacterial activ-
ities and Cd availability.

2. Materials and methods
2.1. Study site and experimental setup

The study was conducted in the north China Plain, a major grain
producing area in China, where wheat-maize double cropping is
the common cropping system. The study site is located in eastern
Baoding, Hebei province, China (38°76'N, 115°47'E), where sewage
effluents originating from industrial wastewater and domestic
sewage without proper purification treatment have been used for
irrigation purposes since 1995 (Fig. 1A). This area has a temperate
and continental monsoon climate (with warm and rainy summers
and cold and dry winters) that is characterized by wide seasonal
variation in annual average rainfall of 520 mm (80% of which falls
between June and September) and temperature of 14.6 °C (Li et al.,
2019). The soil in this area is mainly cinnamon soil (Argosols) ac-
cording to World Reference Base for Soil Resources. Five soil cores
(6 cm diameter) were taken from the plot (100 m?) as a composite
sample from a 0—20 cm depth. Soil material was air-dried, thor-
oughly mixed and passed through a 2 mm mesh sieve. Soil char-
acteristics at the beginning of the experiment (May 2016) are
displayed in Table 1. The Cd background value in soil was 1.32 mg/
kg, which significantly exceeds, by more than double, the concen-
tration limit (0.6 mg/kg) listed in the Environmental Quality

Fig. 1. The wastewater site for agricultural irrigation (A); and the growing maize in HS
treatment (B). (HS: 0.5% salts addition (high stress)).
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Table 1

Soil chemical and physical properties based on different saline stresses after long-term wastewater irrigation (CK: without saline stress (control), LS: 0.1% salts addition (low
stress), MS: 0.3% salts addition (medium stress), and HS: 0.5% salts addition (high stress)) (these comparisons were done separately for the parameters in each column).

Treatment pH (Water/

Cation Exchange Capacity (CEC) (cmol+/ Organic C (g/

Electric conductivity (EC) (mS/ DTPA-Cd (mg/ Cd concentration (mg/

soil =2.5:1) kg) kg) cm) kg) kg)

Before planting (May 2016)
Original 7.78 £0.06 a 146+048 a 786+022a 0.18+0.01a 043+0.03 a 134+0.10a

soil
After planting (Wheat season, May 2017)
CK 7.76 +0.02 a 142+0.55a 790+039a 020+001a 0.39+0.03 a 1.31+£0.09 a
LS 7.94+0.07b 124+0.64b 7.52+0.16b 2.38+020b 0.51+0.05b 133+0.11a
MS 8.18+0.06 ¢ 12.0+0.32cd 730+042bc 335+0.12c 0.60+£0.03 ¢ 1.35+0.26 a
HS 8.39+0.05e 11.2+051d 6.88+0.24c 4.89+0.28d 0.68+0.02 e 1.28+0.15a
After planting (Maize season, October 2017)
CK 7.71+0.03 a 146+0.55a 782+051a 022+001a 0.40+0.06 a 1.36+022a
LS 7.99+0.07b 13.6+0.64a 7.73+042a 215+0.12e 048 +0.04ab 1.40+0.19a
MS 8.12+0.03 ¢ 129+0.32ab 769+032a 3.02+0.15b 0.54+0.03bc 1.27+0.09 a
HS 8.29+0.02d 12.1+0.29 ¢ 7.12+0.13b  3.50+0.22c 0.62+0.02d 1.33+0.08 a

Standard for Soils of China, GB15618-2018.

Because soil saline stress was not achieved in the study site, in
order to illustrate the possible effect of continuous wastewater
irrigation caused saline stress on soil Cd availability, the saline
condition in nature was simulated based on the classification of
saline soil in the north China plain. Four treatments (three repli-
cates each) were implemented in 12 plots (2 x 2 m? each) under a
multiple cropping of winter wheat (Triticum aestivum L.) and
summer maize (Zea mays L.). Each plot was separated by cement
dividers at 40 cm depth (10 cm aboveground and 30 cm below-
ground) to avoid irrigation water mixing and cross-contamination
of treatments. Plots were arranged in a randomized complete
block design. Treatments consisted of soil without saline stress
(control, CK), 0.1% salts addition (low stress, LS), 0.3% salts addition
(medium stress, MS), and 0.5% salts addition (high stress, HS). The
following neutral and alkali salts were mixed in a fixed proportion
(NaCl: NapSO4: NaHCOs3: NapCO3 =1:9:9:1, pH = 8.8). It should be
noted that in this study, the treatments about CK and saline soils
both without the presence of Cd were not set up due to the
experimental site already polluted by Cd, the corresponding pot
experiment in greenhouse is suggested to be further conducted.
The soil content of almost 900 kg in each plot was estimated and
used to calculate the amount of salt addition. Salts were first dis-
solved in well water, then evenly irrigated into the soils of each plot
with moisture at 70% of their water-holding capacity, and the depth
of soil mixture with salts was about 20 cm. The salts were evenly
homogenized into the soil by subsequent tossing. The salts were
applied in May 2016. After then, well water was applied in this
experiment rather than wastewater. All plots were uncultivated to
equilibrate for a period of one cropping season (May—October
2016) before the salts contained in the plot were remixed and used
for the experiments. During this period, the irrigation of these plots
was scheduled by the flooding method with the application of well
water; irrigation times were dependent on local precipitation and
evaporation. Usually, plots were irrigated 2—3 times in the wheat
season and 1—-2 times for the maize season. The average volume of
well water for each irrigation was 0.2—0.4 m/plot. The character-
istics of sewage wastewater historically used for irrigation and well
water for irrigation in this study (mg/L) are displayed in Table 2.

Ridging was conducted before planting. Direct drilling was used
to sow winter wheat seeds in the ridge around October 10, 2016;
plants were harvested in late May of 2017. In early June, summer
maize seeds were sown along the ridge in holes spaced 20 cm apart
between the wheat rows and harvested in early October. Maize
growth is displayed in Fig. 1B. Wheat/maize planting density and
cultivation management (i.e. fertilizer, pesticide or herbicide ap-
plications) was consistent with the practices of local farmers.

After wheat and maize were harvested in May 25, 2017 and
October 8, 2017, respectively, wheat and maize grains were washed
with tap water to remove any adhering soil particles and rinsed
with deionized water. They were dried in an oven (60 °C) until a
constant weight was reached, and the grain weight was recorded.
The grain samples were ground into fine powder and passed
through a 0.25 mm sieve for analyses. Soil samples from 5 cores (5-
cm diameter) from the 0—15 cm layer in each plot were taken using
a stainless steel auger and homogenized. Soil samples were then
transported to the laboratory on ice, sieved (2 mm), and stored at
room temperature for chemical analysis and at —70°C for molec-
ular analysis.

2.2. Analyses

2.2.1. Soil and plant tissue Cd

The strong acid-extractable Cd concentration in the soil before
and after planting was measured by digesting approximately 1 g of
air-dried soil with 4.5 ml HCI (64.3%), 1.5 ml HNOs3 (21.5%) and 1 ml
H,0, (14.2%) in a Teflon bomb placed in a microwave digestion
apparatus (Milestone MLS 1200 Mega). A similar procedure was
used to digest grains but without adding HCl. The amount of
diethylenetriamene pentaacetate (DTPA)-extractable Cd in soils
was determined using 0.005 mol/L DTPA + 0.01 mol/L
CaCl; + 0.1 mol/L triethanolamine, pH 7.30 at a soil-to-solution
ratio (w/v) of 1:2. Quality assurance and control of the analyses
were ensured by using sample replicates, reference material (Na-
tional Research Center for Certified Reference Materials, China) and
blanks. The Cd concentrations in both the digest and extract of
grain and soil samples were determined using a PerkinElmer 1100B
atomic absorption spectrometer. Several soil physiochemical

Table 2

Characteristics of sewage wastewater (shown in Fig. 1A) historically used for irrigation and well water for irrigation in this study (mg/L).
Characteristic pH CO3 HCO3 Ccl- Na Mg Fe Mn Zn Cu Pb Ni COD BOD5 Ccd
Sewage wastewater 7.73 1.03 6.26 532 1.58 1.86 96 45 3.8 2.6 1.9 3.2 212 105 0.05
Well water 7.04 0.37 2.15 1.85 0.01 0.79 12 21 1.5 0.9 0.1 0.1 20.6 13.6 0.002
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properties were determined according to Chinese standard
methods given in Table 1. Soil pH and EC were measured in a soil-
water suspension with a 1:5 (w/w) soil:water ratio. Soil organic
matter content was determined by the potassium dichromate
external-heating method. Cation-exchange capacity (CEC) was
measured using the barium chloride method. Soil base ions (Na™,
K*, Mg?*) and inorganic anions (Cl~) concentrations were
measured by inductively coupled plasma-atomic emission
spectrometry.

2.2.2. Water-stable soil aggregates

The physical procedure for aggregate separation was adopted
from Manna et al. (2007) with modifications. Dry soil material was
wet sieved to obtain different aggregate size fractions: large mac-
roaggregates (>2mm), macroaggregates (0.2—2mm), micro-
aggregates (0.02—0.2 mm), silt size particles (0.02—0.002 mm), and
clay size particles (<0.002 mm). In brief, each equivalent of 50 g dry
mass of fresh soil was saturated with 300 ml of deionized water and
allowed to stand overnight, and then transferred to a nest of sieves
with mesh sizes of 2 mm, 0.2 mm, 0.02 mm, and 0.002 mm. The
soil-water suspension was dispersed by shaking the sieve 3 cm
vertically 30 times in 2 min. Subsequently, the large macro-, macro-
and micro-aggregate fractions retained on each sieve were
collected. The small fractions (0.02—0.002 mm and <0.002 mm)
were collected by centrifuging suspensions for 10 min at 3000 rpm.
We explored the relationship between soil physicochemical prop-
erties, crop yield, Cd concentration in grain and Cd distribution in
soil aggregates and bacterial communities using structural equa-
tion modeling (SEM).

2.2.3. DNA extraction and PCR amplification

Soil bacterial DNA was extracted from 0.5 g of frozen soil sample
using a FastDNA SPIN Kit for Soil (MP Biomedicals; Solon, OH, USA)
and the FastPrep-24 instrument (MP Biomedicals) according to the
manufacturer's instructions. DNA quality and quantity was deter-
mined using a NanoDrop 2000 Spectrophotometer (Bio-Rad Labo-
ratories Inc., USA.). Primers 341f (5’- CCTAYGGGRBGCASCAG-3')
and 806r (5'- GGACTACNNGGGTWTCTAAT-3") were used to amplify
the hypervariable region V4—V5 of the bacterial 16S ribosomal DNA
(rDNA). All PCR reactions were carried out in triplicate and con-
tained 10 pl of SYBR® Premix Ex Taq (Tli RNaseH Plus, 2 x , Takara
Bio, Japan), 1 pl of 10 mM each primer, 7 pl molecular biology-grade
water, and 1 pl of 10-fold diluted DNA in a total 20 pl volume. The
PCR conditions were an initial denaturation at 95 °C for 30 s (ramp
rate of 4.4 °C/s), followed by 30 cycles of denaturation at 95 °C for
5, annealing at 60 °C for 30s, 95 °C for 5 s and then elongation at
60°C for 1 min, with a final extension at 50°C for 30s. Three
replicate PCR products of the same sample were pooled and puri-
fied using an AxyPrepDNA purification kit (AXYGEN, Inc.). The
purified amplicons (465-bp fragments) from all samples were
submitted to Lingen Biotechnology Co., Ltd. (Shanghai, China) for
paired-end sequencing on the Illumina HiSeq platform.

The QIIME software package (version 1.8.0) was used to analyze
the raw Illumina HiSeq sequencing data (Caporaso et al., 2010). The
reads were quality trimmed by discarding quality scores below 20
and sequence lengths below 400 bp. The unique sequences among
these remaining reads were used to define operational taxonomic
units (OTUs) using Usearch (version 7.1 http://drive5.com/uparse/)
with a threshold of 97% similarity. The taxonomic identities of the
phylotypes were determined using the Ribosomal Database Project
(RDP) Classifier (version 2.2 http://sourceforge.net/projects/
rdpclassifier/) at a confidence threshold of 70%.

2.3. Statistical analyses

Mothur (version 1.34.0) was used to generate hierarchical
cluster dendrograms (with Bray-Curtis distance dissimilarities) and
perform non-metric multidimensional scaling (NMDS) to compare
the structures of bacterial communities across soil samples.
Permutational multivariate analysis of variance (PERMANOVA)
using the adonis function was applied to examine the influences of
saline stress on soil bacterial community structures at the plot level.
Linear discriminant analysis (LDA) effect size (LEfSe) (http://
huttenhower.sph.harvard.edu/galaxy) was performed to identify
specific phylotypes with different abundance responses to different
amounts of saline stress. The Kruskal-Wallis rank sum test was
applied to detect features with significantly different abundances of
assigned taxa. All tests for significance were two-sided, and p
values < 0.05 were considered statistically significant. In this study,
the SEM framework was applied to investigate the direct and in-
direct effects of soil saline stress on Cd availability. The model fit
was assessed by means of a Chi-square test; a non-significant Chi-
square test (0.05 < P < 1.00) indicates a good fit of the model to the
data. The strength of the modelled relationships between variables
was quantified by the estimated coefficients and significance was
assessed using z statistics (Rao et al., 2018). The coefficients of each
path were calculated by the analysis of correlation matrices. Paths
in this model were considered significant with a P-value < 0.05.
SEM analyses were performed using AMOS 21.0 (Amos Develop-
ment Corporation, Crawfordville, FL, USA). The correlations be-
tween the abundant bacterial phyla and soil properties were
determined by the Mantel test, and redundancy analysis (RDA) was
carried out using the R vegan package. SPSS v20.0 (SPSS Inc., USA)
was used to perform one-way analysis of variance (ANOVA) with
post hoc Tukey's honest significant difference (HSD) tests and to
calculate Spearman's rank correlations.

3. Results
3.1. The effect of saline stress on soil Cd availability

3.1.1. Crop yield and grain Cd accumulation

In this study, we found that grain yield decreased while grain Cd
concentration increased for both wheat and maize under saline
stress compared to the control. For example, wheat grain yield
under the HS treatment decreased up to 33.9% and grain Cd con-
centration increased to 43.7%, compared to CK (Fig. 2). The increase
in salinity resulted in decreased grain yield and increased grain Cd
concentration of wheat and maize: when the saline stress increased
from LS to HS, grain yield decreased to 35.5% and 32.6%, respec-
tively, and grain Cd concentration increased to 47.9% and 48.4%,
respectively (Fig. 2). The saline stress resulted in significant changes
in soil chemical properties when compared to CK (Table 1). Soil pH
and electric conductivity increased but CEC and organic matter
content decreased significantly in treatments when compared with
CK. Seasonal variation along with planting different crops also
altered soil properties. For example, the increased extent of soil pH
and EC was slightly stronger in wheat season when compared with
maize planting.

3.1.2. Water-stable soil aggregates

Distribution of particle-sized aggregates based on different sa-
line stresses in wheat and maize seasons are shown in Fig. 3A.
Particle-size distributions were dominated by the main fractions of
macro- and micro-aggregates, particularly for the fractions
0.2—2mm, 0.02-0.2 mm and 0.02—0.002 mm in all treatments,
which accounted for more than 89.5% of the total soil fractions for
both wheat and maize seasons. In addition, the aggregate factions
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were strongly modified by saline stress. The proportions of silt and
clay size fractions (0.02—0.002 mm and <0.002 mm) increased
significantly under all treatments when compared with CK, but the
fractions of >2 mm and 0.2—2 mm decreased Different responses of
soil aggregate composition between wheat and maize seasons were
observed; there were more macroaggregates but fewer micro-
aggregates in the summer maize season compared to winter wheat
season. Similarly, Cd was mainly distributed in the fractions of
macro- and micro-aggregates in all treatments, and saline stress
affected the fractional distribution of Cd in soil aggregates when
compared with CK (Fig. 3B). The translocation of Cd from large size
aggregates (eg.>2 mm and 0.2—2 mm) into clay/silt size ones (eg.
<0.002 mm and 0.002—0.02 mm) was observed under different
amounts of saline stress.

3.2. The effect of saline stress on soil bacterial community structure

NMDS ordinations showed that the bacterial communities were
significantly separated by different levels of saline stress (Fig. 4A).
The marked structural rearrangement of soil bacterial microbiota
was further confirmed by the PERMANOVA analysis (Table 3). In
addition, statistical differentiation of bacterial community struc-
ture was also evident between seasonal turnover and wheat vs.
maize planting (Fig. 4B and Table 3).

In this study, the dominant phyla Proteobacteria, Acidobacteria,
Actinobacteria, Chloroflexi, Bacteroidetes and Planctomycetes were
identified according to soil bacterial analysis (Fig. S1). These phyla
have been described as common inhabitants of non-saline soils (Li

et al., 2016). Summer maize and winter wheat samples differed in
community structure corresponding approximately to phylum
level. For example, an increase of Actinobacteria was observed in
winter wheat samples, which was compensated by a corresponding
decrease of Acidobacteria and Proteobacteria. Similarly, there was a
significant change in the abundant phyla between CK and saline
treatments. For example, the increases of Proteobacteria and Acti-
nobacteria were observed in saline-treated samples, while corre-
sponding decreases of Saccharibacteria and Acidobacteria were
displayed. The bacterial community analysis also identified the
dominant genera with an average abundance of >1% (Fig. S2). These
organisms could be related to dynamically biogeochemical cycling
in stressed soils.

LEfSe was performed to identify the abundances of species of
core microbiota responding to different amounts of saline stress in
Cd-contaminated soil. In this study, the LEfSe algorithm detected 28
differentially abundant phylotypes in the wheat season as active
biomarkers, which separated the soil bacterial community among
saline treated soils and reflected the differences in abundance
among these analyzed bacterial communities with statistical and
biological significance (Fig. 5). Only 10 phylotypes at the family
level with LDA scores >3 were identified in soil planted with
summer maize, indicating that compared to the soils with repeated
freezing and thawing in winter, a lesser impact on soil bacterial
microbiota was observed in a warm, wet summer season (Fig. 5). It
also can be seen that in CK-treated soils, some taxonomic families
were enriched, like Sphingomonadaceae, Streptomycetaceae,
Blasrocatellaceae, Gemmatimonadaceae. While in HS-treated soils,
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Fig. 4. Non-metric multidimensional scaling (NMDS) representation of soil bacterial communities based on different saline stresses in both wheat and maize seasons. The filled
polygons indicate a significant influence of saline treatment or seasonal change on bacterial community structure in soils (assessed by permutational multivariate analysis of
variance (PERMANOVA) see Table 3). (CK: without saline stress (control), LS: 0.1% salts addition (low stress), MS: 0.3% salts addition (medium stress), and HS: 0.5% salts addition

(high stress)).

Table 3

Effect of saline stress and seasonal change on bacterial community structure
assessed by PERMANOVA analysis (CK: without saline stress (control), LS: 0.1% salts
addition (low stress), MS: 0.3% salts addition (medium stress), and HS: 0.5% salts
addition (high stress)).

Factor F R?
Saline stress

CK vs. LS 3.21** 0.22
CK vs. MS 4.62** 0.29
CK vs. HS 6.53*** 0.41
LS vs. MS 3.05** 0.20
LS vs. HS 3.89** 0.24
MS vs. HS 2.02¢ 0.13
Seasonal change with crop rotation

Winter wheat vs. Summer maize 1.96" 0.11

2 P < 0.05, **P < 0.01, ***P < 0.001.

the taxonomic groups were discovered as high-dimensional bio-
markers, including Bacillaceae, Halomonadaceae, Acid-
imicrobiaceae, Pseudomonadaceae etc. (Fig. 5).

3.3. Correlation analyses of soil variables, bacterial community and
Cd availability

To better integrate the complex interrelationships among soil
variables, bacterial community and Cd availability, structural
equation modeling was used. Bacterial abundance was character-
ized by Chao index, diversity was characterized by Shannon index.
Soil saline stress was represented by soil properties pH, EC and
organic C. The latent variables (denoted in blue rectangles in Fig. 6)
were successfully represented as soil saline stress, bacterial com-
munity and Cd availability. Results showed that soil saline stress
had a significantly direct effect on the bacterial community and Cd
availability, and bacterial composition was driven by direct nega-
tive effects from saline stress and soil available Cd. Soil salinity
exerted a positive effect on Cd availability.

The Mantel test was performed to analyze the correlation be-
tween environmental variables and bacterial community structure
in Cd-polluted soils. The eesults showed that pH, EC, organic C,
concentrations of soil Na*, Mg?* and Cd in <0.002 mm aggregate

(P <0.05) were the most influential environmental factors to drive
the changes in bacterial community composition (Fig. 7). It is fair to
say that these parameters played active roles in shaping the
indigenous bacterial communities, namely the change of soil
properties disturbed soil bacterial activities. For example, the
intracellular pH of most microorganisms is usually neutral within 1
pH unit, this increase in pH is sufficient to impose a stress and likely
influences the bacterial diversity. It seems that Cd concentration in
<0.002 mm aggregate was strongly positively correlated with some
base ions, such as Na*, K*, CI~ and Mg?* as shown in RDA analysis,
indicating the content of soil available Cd might be increased due to
the addition of sodium salts. Especially a closer correlation of Cd%*
concentration with bacterial community in HS treated soils than
others was observed. Likewise, some salinity tolerant Cd-resistant
archaea such as Actinobacteria, Proteobacteria might have
become more dominant in saline stress treated soils.

4. Discussion

In this study, the composition and structure of bacterial com-
munities were associated with soil Cd availability under different
saline stresses: soil Cd availability was affected by saline stress, soil
salinity was responsible for shaping bacterial communities. Usually
soil bacterial communities play critical roles in maintaining soil
health and quality, as they are involved in most nutrient trans-
formations in soil. Changes in abiotic and biotic environmental
variables are usually responsible for shaping microbiota structures.
For example, salinity changes soil physicochemical properties and
alters the osmotic strength of the soil solution, thus adversely
affecting soil bacterial communities and their activities (Zhang
et al., 2016), similar to heavy metals in the soil.

After saline stress, soil Cd availability increased, indicated by
significant decreases in crop grain yield, increases in extractable Cd,
grain Cd concentration, and the accumulation of Cd into clay/silt
size aggregates. Saline soils are believed to negatively affect plant
growth, because excessive salt ions in the rhizosphere could reduce
the uptake of nitrogen, phosphorus, and potassium by crops
(Sivanadanam et al., 2011). An excess of sodium ions also results in
weak photosynthesis due to stomatal closure and thus restricts
carbon dioxide uptake, and inhibits cell division and expansion
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Fig. 5. Key phylotypes of soil bacterial microbiota responding to different amounts of saline stress in the wheat season and maize season identified by linear discriminant analysis
(LDA) effect size (LEfSe). The colored circle displays significantly (p < 0.05) abundant and enriched bacterial communities with LDA score > 3 in treatments. The histogram shows the
relative abundance of families. The error bars represent the standard deviation (n = 3). Abbreviations: Acid., Acidobacteria; Prot., Proteobacteria; Bact., Bacteroidetes; Firm., Fir-
micutes; Acti., Actinobacteria; Nitr., Nitrospirae; Late., Latescibacteria; Chlo., Chloroflexi; Gemm., Gemmatimonadetes. (CK: without saline stress (control), LS: 0.1% salts addition
(low stress), MS: 0.3% salts addition (medium stress), and HS: 0.5% salts addition (high stress)).

(Zhu et al., 2001). In this study, soil Cd availability was significantly
increased as the strength of salinity increased, which can probably
be explained by the following reasons: first, with an increase in the
concentration of CI~ or SO~ in Cd-contaminated soil, uncharged
species and negatively charged complexes that could weaken the
electrostatic interaction to Cd could form in the soil, and thus in-
crease the freedom of Cd in soil. Second, high ionic strength
induced by salt addition could enhance the competition ability of
base ions eg. Na™ in soil binding sites which already were occupied
by Cd (Li et al., 2018).

Salinization negatively affects the stability of soil aggregates and
soil structure, leading to an increase of soil compaction, loss of soil
permeability and reduction of hydraulic conductivity

(Becerracastro et al., 2015). Salinization could induce the dispersion
of clay, result in aggregate slaking or soil swelling and cause a
collapse of soil structure (Sou/Dakouré et al., 2013). In addition, soil
aggregates are not stable under saline conditions, probably because
the abundance of Na™ may replace divalent cations breaking ag-
gregates, which may explain why the saline stress promoted the
disintegration of large size aggregates and the formation of small
ones (Fig. 3). Notably, the increase of Cd distribution in the size
fraction of small aggregates and decrease in the size fraction of
large aggregates could promote the transfer of toxic heavy metals
from soil into plant tissues. Because fine soil aggregates have a
higher affinity for heavy metals compared to large aggregates and a
greater ability to move from one place to another because of their
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smaller size, they are more likely to be transported into plant tis-
sues along with the heavy metals (Wang et al., 2019).

It has been widely accepted that changes in environmental
stresses are responsible for shaping microbiota structures and
different bacterial communities play critical roles in specific
ecosystem functions (Sharma et al., 2006; Liu et al., 2010). Our re-
sults showed that saline stress significantly changed major soil
microbes when compared with CK in Cd-contaminated soil ac-
cording to the NMDS ordinations and PERMANOVA analysis (Fig. 3,
Table 3). This occurred because salinization and Cd conditions in
the soil likely facilitated the dominance of stress-tolerant bacteria.

Consistent with our results, previous studies have indicated that
soil salinization (increase of soluble salts concentration) interfere
not only with plant growth and productivity but also with soil
microbiota, because soil salinization is usually associated with the
increase of electrical conductivity and excessive salinity could
impose hyperosmotic and oxidative stresses (Becerracastro et al.,
2015).

The soil bacterial community was greatly responsive to saline
stress, but such responses differed among taxa. For example, Pro-
teobacteria and Actinobacteria were the two most abundant phyla,
because they generally serve as the active bacterial fraction in
heavy metal-polluted soils; Proteobacteria are identified as the
most stress-tolerant microorganisms in heavily contaminated soils
(Burkhardt et al., 2011; Li et al., 2016). Of particular interest is one
specific family within Proteobacteria, Sphingomonadaceae, which
was the most sensitive biomarker responding to Cd contamination
in CK soils. It has been reported that multiple heavy metal oxidase
genes encoded by Proteobacteria are involved in heavy metal
resistance (Altimira et al., 2012). For example, Sphingomonas sp.
BSAR-1, which expresses high levels of alkaline phosphatase, dis-
plays great potential to bioprecipitate Cd present in soils and resist
its phytotoxicity (Nilgiriwala et al., 2008). Similarly, it was found
that the Sphingomonas sp. strains O12 and A32 possessed plasmids
containing heavy metal-resistance genes (Altimira et al., 2012).
Certain strains of Proteobacteria are usually related to respiratory
and dissimilatory nitrate-reducing communities in saline soil
(Alcantara-Hernandez et al., 2009; Zhang et al., 2016).

Soil bacterial communities are greatly influenced by salinity as
well as other abiotic and biotic environmental variables such as pH
(Hu et al., 2019). Compared to CK, the abundance of the phylum
Acidobacteria decreased with the increase in soil saline stress
strength. Usually, lower soil pH leads to greater expected abun-
dance of Acidobacteria (Lauber et al., 2009; Li et al., 2016). In
addition, Acidobacteria and Chloroflexi are generally classified as
slow-growing oligotrophs that thrive in soils with less available
nutrients (Fierer et al., 2007; Eo and Park, 2016). An interesting
feature of the obtained sequences belonging to the Actinobacterial
family Nitriliruptoraceae was the most sensitive biomarker
responsive to high salt stress (refer to HS treatment); species of
Nitriliruptor were found to exhibit a haloalkaliphilic capacity, pre-
sumably better adapted with high alkali environments (pH,
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9.35—9.5) (Sorokin et al., 2009). Similarly, in the family Bacillaceae,
strains in the genus Bacillus were found to be the most tolerant,
showing great tolerance to different metal ions (Fe, Cd, Zn, Co, Ni
and Cu) (Moreno et al., 2012). Bacillus species are well known for
their ability to produce many useful enzymes and antibiotic sub-
stances, which play critical roles in maintaining soil health
(Kuramshina et al., 2016). Among the bacterial families, Salino-
coccus and Pseudomonas belonging to the families Staph-
ylococcaceae and Pseudomonadaceae, respectively, were found to
have strong alkali adaptability and could be regarded as alkaline
tolerant bacteria (Paul et al., 2016). Together, these results indicated
that different amounts of saline stress greatly influenced the di-
versity and structure of the soil bacterial communities in Cd-
contaminated soil.

We observed moderate shifts in the relative abundances of in-
dividual groups but no significant switches between dominant and
rare taxa from the winter wheat season to the summer maize
season. In addition, microbial activity was strongly correlated with
soil temperature and soil respiration, which greatly differed be-
tween summer and winter sampling (Kuffner et al., 2012). It also
should be noted that usually 40—70% of the soil bacteria are asso-
ciated with stable macroaggregates and clay particles with sizes
lower than 20 um. Therefore, the interference on the formation of
soil aggregates due to seasonal variation is expected to modify soil
microhabitats (Becerracastro et al., 2015).

The hypothesis of this study was that bacterial community
structure might be associated with soil Cd availability under
different saline stresses. Our SEM results further showed that al-
terations in soil saline stress were important for regulating the
bacterial community and changing Cd availability. This is a note-
worthy finding and indicates that long-term wastewater irrigation
that brings more neutral or alkali salts and heavy metals into the
soil could change soil physicochemical properties (pH, EC, organic C
or soil aggregate stability) and bacterial community structure;
these corresponding soil environmental changes could further in-
crease the concentration of liberated Cd in soil and promote its
transfer from soil to plant tissues (Table 1, Figs. 3 and 5). Our pre-
vious study found that pH has been identified as one of the most
influential environmental factors driving the changes in bacterial
community composition. Increased soil pH is generally beneficial
for remediating Cd-polluted soil in agricultural production, through
reducing extractable Cd and the exchangeable Cd fraction (Yuan
et al., 2018). However, the increase of electrical conductivity in
soil solution was reported to positively correlate with DTPA-
extractable Cd (Khanmirzaei et al., 2013).

5. Conclusions

In this study, increased soil salinity was found to enhance Cd
availability in Cd-contaminated soil due to long-term wastewater
irrigation. Addition of 0.5% mixed salts significantly increased soil
DTPA-Cd up by 67.5% and grain Cd concentration by 43.7%, when
compared with CK (no extra salt addition). Soil saline stress
resulted in shifts of major soil microbes in Cd-contaminated soil.
Increased saline stress enriched the taxa in the Bacillaceae, Staph-
ylococcaceae and Pseudomonadaceae families, while a specific
family within Proteobacteria (Sphingomonadaceae) was the most
sensitive biomarker, only responding to Cd contamination without
saline stress in CK-treated soils. Based on SEM analysis, soil saline
stress increased soil Cd availability that further regulated the bac-
terial community. Seasonal variation played a critical role in
altering soil physiochemical characteristics and shaping bacterial
communities.
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