Journal of Soils and Sediments (2018) 18:2451-2462
https://doi.org/10.1007/511368-018-1938-y

SOILS, SEC 1 - SOIL ORGANIC MATTER DYNAMICS AND NUTRIENT CYCLING - RESEARCH
ARTICLE

@ CrossMark

Oilseed rape cultivation increases the microbial richness
and diversity in soils contaminated with cadmium

Xin Wang - Jiuyuan Bai' - Tao Wei' - Gang Feng" - Hai Zhao” - Wei Wei' - Maolin Wang' - Yun Zhao'

Received: 19 September 2017 / Accepted: 29 January 2018 /Published online: 10 February 2018
© The Author(s) 2018. This article is an open access publication

Abstract

Purpose This investigation aimed to estimate and characterize the microbial diversity in soils with cadmium (Cd) at different
concentrations and to evaluate whether Brassica napus can restore the soil microbial diversity.

Materials and methods We conducted the pot experiment to analyze the composition of microbial communities in the soil
contaminated with 0, 1, and 2 mg/kg Cd, as well as planted with oilseed rape. The bacterial and fungal communities were
characterized via next-generation sequencing based on 16S and 18S rRNA gene fragments pyrosequencing, respectively.
Results and discussion The results show that cadmium contamination decreased both the microbial richness and diversity in the
soil, while the cultivation of oilseed rape increased the richness and diversity. In bacteria, Proteobacteria was the most abundant
phylum in all the samples accounting for 39.62 to 46.14%, followed by Bacteroidetes, Actinobacteria, and Chloroflexi. These
phyla collectively comprised more than 70% of all phyla. Ascomycota was the most abundant phylum in all samples in fungi
(89.65 to 96.00%), and it was the only phylum whose abundance was increased with the rise of Cd concentration.
Conclusions Microbial richness and diversity were affected by the combined action of Cd and B. napus. Cd contamination
decreased the microbial richness and diversity, while cropping with oilseed rape increased the microbial richness and diversity,
which alleviated the deleterious effect of the Cd pollution in soils. These reflected that oilseed rape played a positive role in
maintaining species diversity of microorganism from the side.

Keywords Bacterial community - Fungal community - Biodiversity - Brassica napus - Cadmium - Soil - Next-generation
sequencing

1 Introduction

Soil is both a crucial natural environment for human survival
and a vital resource for agricultural production. It is widely
known that the main functions of soil in the ecological system
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are to maintain biological productivity, sustain environmental
quality, and improve animal and plant health (Doran and
Parkin 1994). With the development of world industrializa-
tion, urbanization, and agricultural modernization, cadmium
gradually entered into the agricultural soil. In China, heavy
metal pollution in urban soils, urban road dusts, and agricul-
tural soils also become increasingly serious related with the
rapidly industrialization and urbanization during the last 2
decades. It has been reported that the distribution of Cd con-
centration throughout China is 0.082 to 1.31 mg/kg in agri-
cultural soil (Niu et al. 2013). The maximum is higher than the
grade I reference value of 1.0 mg/kg (pH > 7.5) (China soil
environment quality standard, GB15618-2008). Cadmium ac-
cumulation within the soil can perform harmful impacts on
soil biodiversity, soil quality, and crop growth, and even
threatens human health via the food chain (Fu et al. 2011;
Maron et al. 2011).
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Soil function depends on microbial communities which
mainly consist of fungi and bacteria. Crop growth is closely
related to the soil microorganisms. Interactions between the mi-
crobial community and plant roots contribute to crop growth and
production, nutrient circulation and energy flow, as well as
phytoremediation (Lundberg et al. 2012; Croes et al. 2013).
More and more evidences have suggested that metal contamina-
tion has been extensively shown to decrease species diversity
and alter microbial community structure (Dahlin et al. 1997,
Abaye et al. 2005). Hong et al. (2015) found that the variable
degree of heavy metals in the soil in iron mining areas increased
bacterial alpha diversity and changed the dominant genera.
Cadmium pollution of soil reportedly can change the taxonomic
diversity and functionality of the microbial communities, and
further affect soil quality and plant growth (de Campos et al.
2013; Hill et al. 2000; Li et al. 2014; Tipayno et al. 2011).

Classical cultivation techniques and some recent tech-
niques for analyzing microbial diversity (i.e. terminal restric-
tion fragment length polymorphism, real-time PCR quantifi-
cation) usually show many limitations such that they only
reflect information on a few strains with high abundance so
as to loss some ecologically significant species (Bruce et al.
2000). Therefore, in our work, the next-generation sequencing
(NGS) technology of Tllumina selected its availability to detect
rare and even unknown species so as to obtain the total com-
position and relative richness of microbial communities in any
given sample (Gilbert et al. 2013; Oberauner et al. 2013).

Brassica napus L. is one of the main oil-producing crops
and is very important for biofuel production. Traditionally, it
yields high biomass. A developed root system makes it to be
easily cultivated and has the high capacity to assimilate heavy
metals, which makes it an ideal crop for Cd phytoremediation
(Marchiol et al. 2004; Vangronsveld et al. 2009). Many studies
have verified that some certain oilseed rape varieties had tol-
erance of Cd and possessed the ability to accumulate it (De-
chun and Wong 2002; Ru et al. 2004; Su et al. 2009).
However, studies regarding interactions between microorgan-
isms and B. napus in soil polluted with heavy mental are still
at a preliminary stage (Germida et al. 1998; Dunfield and
Germida 2003; Farina et al. 2012; Croes et al. 2013; de
Campos et al. 2013). So far, no study has revealed the effects
of varying Cd levels on both bacterial and fungal diversity in
the soil cropped with oilseed rape via NGS technology.

The present study was aimed to estimate and characterize
the microbial diversity under two different Cd concentration
treatments and to evaluate whether B. napus can restore the
soil microbial diversity. By means of high-throughput se-
quencing technology, we were able to show the composition
of microbial community nearby the root in the Cd-
contaminated soil. In the end, we hope to provide some eco-
logical information for the use of B. napus to restore the mi-
crobial community diversity in order to alleviate the negative
effect in agricultural production with Cd-polluted soils.
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2 Materials and methods
2.1 Experimental design

We selected the nutritious soil (bought from Sansheng Xiang
Agricultural Co., Ltd. Chengdu) for the experiment. At the
beginning of the experiment, we air-dried the soil and passed
it through a 2-mm sieve as our initial soil. The physicochem-
ical characteristics of the tested soil are shown in Table 1, and
the background concentration of Cd is 0.17 +0.03 mg/kg,
which is within the primary standard set by China soil envi-
ronment quality standard, GB15618-1995. According to the
investigation of Yuan et al. (2014), we subsequently added Cd
applied as CdCl, to the tested soils and mixed homogeneously
to set three concentrations 0, 1, and 2 mg/kg, respectively,
which exceeded the grade II reference value of 0.45 mg/kg
(pH 6.5-7.5, China soil environment quality standard,
GB15618-2008), except for the 0 Cd applied treatments. We
kept the soil at room temperature for a month to ensure the
complete cadmium assimilation. We divided our experiment
into two groups: one group (C) planted with oilseed rape and
the other unplanted group as check (CK). The plant line
84100-18 oilseed rape B. napus L. we used was bred by our
laboratory. The experimental group was separately marked as
Co, Cy, and C,. The check group was labeled as CK,, CKj,
and CK,, respectively. Each treatment was set in triplicates.

We placed the experimental pots outdoor to ensure that the
treatment environment was as close to natural conditions as
possible. We watered the plants daily with deionized water to
keep a balanced water holding capacity until the maturity of
oilseed rape. The experimental period ranged from October
29, 2014, to April 25, 2015, when the oilseed rape was ma-
tured. According to our weather record, the rain water was
little during the period.

2.2 Sampling collection

We sampled in early May 2015 when oilseed rape matured.
We gathered about 500 g rhizosphere soil adjacent with the
root of oilseed rape with the topsoil removed (at a depth of 5—
10 cm) and immediately transferred the samples into sterile
plastic bags kept on ice. Half of the samples was immediately
frozen in liquid nitrogen and then stored at — 80 °C until DNA
extraction for further molecular analysis. The remaining half
was air-dried for a week at room temperature and subsequent-
ly sieved through a 100-mesh sifter to remove stones and
visible plant fragments. Then, the samples were stored at
4 °C for further physicochemical analysis.

2.3 Soil physicochemical analysis

In order to evaluate soil quality and microbial community, we
closely followed the methods reported by Bloem et al. (2006)
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Table 1 Physical and chemical

properties of soil before the study pH Organic matter (g/kg)  Total nitrogen (g/kg)  Total phosphorus (g/kg)  Total potassium
(g/kg)
6.66+0.039  43.81£0.458 3.62+0.115 1.10 +0.025 19.97 £0.212

Values represent average + standard deviation (n = 3). The background value of Cd concentration in soil is 0.17 +
0.03 mg/kg, which is within the primary standard set by China soil environment quality standard, GB15618-1995

that suggested indicators for soil quality assessment and mi-
crobial analysis.

We determined the physicochemical properties of soil at
the beginning of our experiment in order to have a baseline
of soil characterization. We evaluated the following items: soil
organic matter (SOM), pH, total phosphorous (TP), total ni-
trogen (TN), total potassium (TK), and Cd. The method for
determining the contents of SOM and TN was reported by Sun
et al. (2006). The soil pH was measured via an INESA pH
meter (Shanghai REX Instrument Factory, Shanghai, China)
in a 1:5 suspension of ultrapure water. The TP content was
measured using the ammonium molybdate spectrometry
method (Curtius et al. 1987). TK content via the method was
introduced in the book Soil agricultural chemistry analysis
(Bao 2000).

All determinations of Cd concentrations were via induc-
tively coupled plasma spectrometry (ICP-MS).The soil sam-
ples were digested sequentially with 5 mL HCL at 150 °C for
60 min, 5 mL HNOj at 150 °C for 60 min, 3 mL HF at 150 °C
for 10 min, and 3 mL HCIO4 at 190 °C for 100 min in a
graphite digestion apparatus. All samples were run together
with certified reference samples (GBW07603 GSV-2) for as-
surance control. All soil samples were tested three times and
calculated the mean value.

2.4 DNA extraction and PCR analysis

We extracted microbial DNA from 0.5 g soil using the Power
Soil DNA kit (MoBiol Laboratories, Solana Beach, CA), ac-
cording to the manufacturer’s protocols. The extracted DNA
was evaluated on a 2% agarose gel, and the concentration and
quality (A,g0/Azg0) of the extracts were determined using a
NanoDrop ND-2000 spectrophotometer (NanoDrop,
Wilmington, DE, USA). To minimize the DNA extraction
bias, three successive DNA extracts of each sample were
pooled. Subsequent to the pre-experiment, we selected the
V3-V4 regions of the bacterial 16S rRNA gene and amplified
these via PCR (95 °C for 3 min, followed by 27 cycles at
95 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s, and a final
extension at 72 °C for 10 min) using the following primers
338-F (5'-barcode-ACTCCTACGGGAGGCAGGA-3') and
806R (5'-barcode-GGACTA-CHVGGGTWTCTAAT-3') ac-
cording to Dennis et al. (2013). PCR reactions were conducted
in a 20 pL mixture containing 2 puL of 10x buffer, 2 uL of
2.5 mM dNTPs, 0.8 pL of each primer (5 uM), 0.2 puL

TaKaRa rTaq, 0.2 uL BSA, 10 ng of template DNA, and
supplemented ddH,O to a total of 20 pL finally. The barcode
for each sample is an eight-base sequence unique.

We selected the 0817F/1196R primer set to amplify the 18S
ribosomal RNA gene region of the fungal DNA. This primer
set was selected because it has been shown to be fungal-
specific and target a region of the 18S rRNA gene, which is
variable between major taxa and can be aligned (permitting
phylogenetic analysis such as UniFrac). This specific region
has been subjected to pyrosequencing for environmental sam-
ples, especially for fungi (Bates et al. 2013; Meiser et al.
2014). However, it should be noted that this region is not
sufficiently variable to permit detailed taxonomic identifica-
tion for fungal communities; thus, community analyses are
restricted to the family level or above. We used an aliquot of
the extracted DNA from each sample as an amplification tem-
plate. We amplified the 18S rRNA gene region with the primer
set 0817F/1196R that contained the A and B sequencing adap-
tors. We conducted the PCR reactions (95 °C for 3 min,
followed by 27 cycles at 95 °C for 30 s, 55 °C for 30 s,
72 °C for 45 s, and a final extension at 72 °C for 10 min) in
a 20 puL mixture containing 2 uL of 10x buffer, 2 uL of
2.5 mM dNTPs, 0.8 uL of each primer (5 uM), 0.2 uL
TaKaRa rTaqg, 0.2 pL BSA, 10 ng template DNA, and sup-
plemented ddH,O to 20 pL. All PCR reactions were per-
formed in an ABI Gene Amp 9700 (Applied Bio systems).
All of the real-time PCR reactions were run in triplicate for
each DNA extracted of soil sample.

2.5 lllumina MiSeq sequencing

We extracted amplicons from 2% agarose gels and purified
them using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) according to the manu-
facturer’s instructions. For quantification, we used the
QuantiFluor-ST (Promega, USA) blue fluorescence quantita-
tive system. Purified amplicons were pooled in equimolar and
paired-end sequenced (2 x 300) on an Illumina MiSeq plat-
form (Major bio, Shanghai) according to standard protocols.

2.6 Processing and analysis of sequencing data
Raw FASTQ files were de-multiplexed and quality-filtered

using Trimmomatic (Bolger et al. 2014) (version 0.63),
FLASH, with the following steps: (1) We cut off the reads at
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any site to obtain an average quality score <20 in a 50-bp
sliding window and discarded the reads shorter than 50 bp,
(2) exactly matched via the barcode and primers and then
removed mismatch and reads that containing ambiguous char-
acters, and (3) assembled the reads only when the overlapping
sequences longer than 10 bp. Reads that could not be assem-
bled were discarded. Operational taxonomic units (OTUs)
with 97% similarity cutoff were clustered via Usearch (version
7.1), and chimeric sequences were identified and discarded via
UCHIME.

We used the Qiime (version 1.17) platform and RDP
Classifier (Wang et al. 2007) (version 2.2) to conduct the
taxonomy analysis based on Silva (Quast et al. 2013) (http://
www.arb-silva.de) and Unite (Kdljalg et al. 2013) (http://
unite.ut.ee/index.php) with a 70% confidence threshold. We
obtained the rarefaction analysis to assess the coverage of the
microbial community by the datasets via Mothur (Schloss
et al. 2009) (version 1.30.1) based on the OTU clustering
results. Then, we conducted the beta diversity analysis via
Mothur (version 1.30.1) based on the OTU clustering results,
which revealed the diversity indices, including the Chao,
ACE, and Shannon diversity indices. Venn diagrams were
formed by Venn Diagram, while Heatmap figures were per-
formed in Vegan packages in R-language.

3 Results
3.1 Sequencing results and diversity indices

For the bacterial community, we obtained 240,368 reads and
12,319 operational taxonomic units (OTUs) from six samples
via PE300 Miseq sequencing analysis. Each sample contained
34,645 to 45,002 reads (mean =40,061), with different phy-
logenetic OTUs ranging from 1767 to 2254 (mean =2053).
We used rarefaction curves to reflect the species richness of
different samples and rationality of sequencing data. All rare-
faction curves tended to the saturation plateau (Fig. 1a), dem-
onstrating adequate volume of our sequencing data.
Apparently, a large number of reads might account for a small
contribution to the total number of OTUs. Moreover, we de-
tected a large variation in the total number of OTUs at the 97%
similarity level of different samples. The shapes of the rare-
faction curves indicated more species richness in cropped soils
(C) than in idle soils (CK). Different Cd concentrations in idle
soil showed diverse OTU density (CK,>CK, > CK;). The
OTUs of CK, and CK indicated that Cd at the concentration
of 2 mg/kg could concentrate some bacteria and increase their
richness in soil compared to 1 mg/kg. Bacterial richness in
cropped soils is consistent with the increasing of Cd concen-
trations (C, & C; > Cy), and all higher than the idle soil. Our
results suggested that cultivation of oilseed rape has the
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potential to increase the bacterial richness of Cd-
contaminated soils.

Accurate taxonomic allocation and alpha-diversity estima-
tions based on OTU cleared data were made of the species
present in the soil at 97% similarity level (Table 2). Among
samples of the cropped soil, the maximum predicted OTU at
97% similarity was C (2254). For the idle soils, the maximum
predicted OTU was CKj (1985). Non-parametric analysis of
diversity indexes (ACE, Chao, Shannon) revealed similar
trends than the 97% similarity level: Both the observed and
estimated total richness were higher in cropped soil commu-
nities than in idle soil ones. For the data in crop groups, e.g.,
the ACE estimators of richness which were 2409 for C; and
1921 for CK;, the Chao indices which were 2419 for C, and
1954 for CK,, all the species richness of cropped soil in-
creased by 12 to 24%. The bacterial diversity in cropped soil
was also higher compared to that of idle soil, although this was
only a little increase (1.82 to 4.57%). We found that cultiva-
tion of oilseed rape has the potential to increase the richness
and diversity of bacterial in Cd-contaminated soil.

For the fungal community, we obtained 236,160 reads and
444 OTUs from six samples via PE300 Miseq sequencing
analysis. Each sample contained 36,049 to 43,115 reads
(mean =39,360), with different phylogenetic OTUs ranging
from 62 to 81 (mean = 74). The rarefaction curves indicated
the species richness of different samples and the rationality of
our sequencing data (Fig. 1b). All rarefaction curves tended to
the saturation plateau, demonstrating that the volume of our
sequencing data was reasonable. Similarly, a large number of
reads might account for a small contribution to the total num-
ber of OTUs. The rarefaction curves revealed that the species
richness of the cropped soils (C) was slightly elevated com-
pared to the idle soils (CK). Fungi richness throughout all
samples did not appear obvious changes with regard to the
Cd concentration variations. CK displayed the largest rich-
ness of the idle soils (CK( > CK; > CK,). The results indicate
that Cd has the potential to decrease the fungal species rich-
ness, while cultivation of oilseed rape has the potential to
remediate this loss caused by Cd contamination.

Accurate taxonomic allocation and alpha-diversity estima-
tions based on OTU picker data were made of the species
present in the soil at 97% similarity level (Table 3). Among
the samples of cropped soils, the predicted OTUs at 97%
similarity were virtually invariable. For the idle soils, the max-
imum predicted OTUs were gradually decreased with the in-
creased Cd concentration. The non-parametric analysis of di-
versity and richness indexes (ACE, Chao, and Shannon) re-
vealed similar trends at the 97% similarity level. Both the
observed and estimated total richness in cropped soil commu-
nities were higher compared to that of idle soils. The fungal
diversity of cropped soil was also higher compared to that of
idle soil (except for CK), and the size of this increase ranged
from 22.75 to 33.04%. The fungal diversity in both CK and C
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Fig. 1 Rarefaction curves of the OTU number at 97% similarity level of
all samples. a Bacteria community. b Fungi community CK,, CK;, and
CK, non-plant control treatments with 0, 1, and 2 mg/kg Cd, respectively.

distinctly declined with the rise of Cd concentration. The re-
sults revealed that cultivation of oilseed rape had a positive
influence on fungal species richness and diversity in Cd-
contaminated soil.

3.2 Bacterial community structure

After classification comparisons, we assigned the classifica-
tion confidence threshold in a lineage without classified infor-
mation in the database as unclassified. We assigned no rank to
all sequences that could not be exactly classified into any
known groups in a taxonomic level. All reads were assigned
to bacteria with 38 different phyla, 325 families, or 563
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genera. More than 95% of the total reads in every sample
collectively comprised of 10 different phyla.

The classification of the sequences at the phylum and class
levels is shown in Fig. 2. At the phylum level (Fig. 2a),
Proteobacteria was the most abundant bacterial phylum in
all of the six soil samples, and the percentage varied from
39.62% (CK,) to 46.14% (CK,). Bacteroidetes,
Actinobacteria, and Chloroflexi followed in abundance with
percentages varying from 13.45 to 16.63%, from 7.23 to
15.48%, and from 5.43 to 12.31%, respectively. Other major
phyla were Acidobacteria, Gemmatimonadetes, and
Candidate division TM?7, which collectively comprised
17.63% of all reads. Firmicutes, Verrucomicrobia, and
Cyanobacteria were much minor phyla, with relative

Table 2 Comparison of the
estimated OTU richness and
diversity indices for clustering at

Sample name  Additive Cd

concentration (mg/kg)

Sequences results Diversity estimates®

97% identity (bacteria Totalreads OTUs® ACE  Chao  Shannon  Coverage

community)
CK, 0 42,925 1985 2117 2133 6.58 99.4%
CK, 1 34,720 1767 1921 1954  6.34 99.2%
CK, 2 45,002 1906 2059 2069  6.43 99.4%
Co 0 34,645 2162 2362 2392 6.7 99.0%
Cy 1 42,787 2254 2409 2419  6.63 99.3%
C, 2 40,289 2245 2405 2417  6.71 99.3%

ACE richness-based coverage estimator, Chao Chao’s species richness estimator, Shannon Shannon-Weiner
Index. The background value of Cd concentration in soil was 0.17 +0.03 mg/kg. CK,, CK;, and CK; non-plant
control treatments with 0, 1, and 2 mg/kg Cd, respectively. CO, C1, and C2 experimental treatments cropped with
oilseed rape in 0, 1, and 2 mg/kg Cd, respectively

# Species level, 97% similarity threshold used to define operational taxonomic units (OTUs)
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Table 3 Comparison of the

estimated OTU richness and Sample name ~ Cd concentration ~ Sequencing results Diversity estimates”

diversity indices for clustering at (mgkg)

97% identity (fungi community) Total reads OTUs? ACE Chao Shannon Coverage
CK, 0 36,049 76 79 79 233 0.999834
CK, 1 38,379 64 65 65 1.41 0.999922
CK, 2 39,191 62 64 64 1.12 0.999898
Co 0 41,919 81 82 81 1.8 0.999952
C, 1 43,115 80 87 85 1.78 0.999791
C, 2 37,507 81 88 86 1.49 0.999760

ACE richness-based coverage estimator, Chao Chao’s species richness estimator, Shannon Shannon-Weiner
Index. The background value of Cd concentration in soil was 0.17 +0.03 mg/kg. CK,, CK;, and CK, non-plant
control treatments with 0, 1, and 2 mg/kg Cd, respectively. CO, C1, and C2 experimental treatments cropped with
oilseed rape in 0, 1, and 2 mg/kg Cd, respectively

# Species level, 97% similarity threshold used to define operational taxonomic units (OTUs)

abundance conjointly comprising 3.50% throughout all sam-
ples. At a moderate Cd contamination level (1 mg/kg),
Proteobacteria and Bacteroidetes had a little more relative
abundance than the other two levels (0 and 2 mg/kg), while
Chloroflexi displayed a reverse result.

Q
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/)
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Fig.2 Bacteria community structures (a, b) and OTUs Venn diagrams (c,
d) of all samples. a Phylum level, b class level of Proteobacteria phylum,
¢ OTUs detected in CK, and d OTUs detected in C Venn diagrams are at
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Alphaproteobacteria, Gammaproteobacteria,
Betaproteobacteria, and Deltaproteobacteria were the four
most abundant classes in all samples (Fig. 2b), and belonging
to Proteobacteria phylum. The idle soils contained a higher
proportion of Alphaproteobacteria than the cropped soils and

b

Relative abundance (%)
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= Deltaproteobacteria

u MACA-EFT26
uSB-1
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Sample name

C2

B Betaproteobacteria

CKo CK1 CK2 Cco C1 c2

® Gammaproteobacteria
= Proteobacteria_undassified

ETA18

C1

97% similarity level CKy, CK,, and CK, non-plant control treatments
with 0, 1, and 2 mg/kg Cd, respectively. CO, C1, and C2 experimental
treatments cropped with oilseed rape in 0, 1, and 2 mg/kg Cd, respectively
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the relative abundance in unplanted groups (CK) decreased
with increasing level of Cd (CK, > CK; > CK,). At a moder-
ate Cd contamination level (1 mg/kg), the relative abundance
of Gammaproteobacteria was higher than the other two
groups (0 and 2 mg/kg). Identified classes belong to
Betaproteobacteia and Deltaproteobacteria that showed an
identical result. A 0.41% of the Proteobacteria phylum com-
prised of the subdivisions Proteobacteria_unclassified and
Epsilonproteobacteria. MACA-EFT26, SB-1, and TA1S8 were
the least abundant species in all the samples and even were
completely missing in some of the samples (e.g. MACA-
EFT26).

A Venn diagram can be used to calculate the common,
unique number of OTUs in multiple samples. This results in
a more intuitive performance number for the composition of
OTUs for the similarity and community overlaps of environ-
mental samples. In our experiment, the analysis was at 97%
similarity level. The C groups (Fig. 2d) shared a higher num-
ber of OTUs than the CK groups (Fig. 2c). The total observed
OTUs in the CK groups were 2212, and approximately 70%
of the OTUs (1537 of the total OTUs) were shared among
them. This indicates that they shared the majority of the
OTUs and we only detected a small unique microbiome. In
the CK group, any two of the three samples shared about 77%
of the total OTUs, indicating that there was no significant
difference between them. CK; and CK, displayed the maxi-
mum overlap of all (79% of the total). Similar to the CK
group, the total observed OTUs in the C group were 2508
and about 74% of the OTUs (1867 of the total OTUs) were
shared among them. This result indicates that the C group had
a larger microbial species abundance compared to the CK. We
found a similar result in the C group, where any two of the
three samples shared about 80% of the total OTUs. C; and C,
had the most OTUs in common (84% of the total), indicating
that they had the least difference. Compared with the two
groups, we found that the cropped soils had more bacterial
species, showing that cultivating the B. napus on Cd-
contaminated soil helps to restore the biodiversity of soil
microorganisms.

3.3 Fungal community structure

We assigned all the reads to fungal taxa. In the idle soils,
Ascomycota were the most abundant phylum throughout all
six samples (with 89.65 to 96.00%) (Fig. 3a).
Chytridiomycota and Fungi_unclassified followed their abun-
dance in idle soils, whereas Chytridiomycota and
Fungi_norank were followed by Ascomycota in cropped soils
except C1. Another major phylum was Basidiomycota, and
the percentage varied from 0.47 to 3.14%. Therefore, we con-
cluded that the four most abundant fungal phyla were mem-
bers of Fungi unclassified, Fungi norank, Chytridiomycota,
and Ascomycota. The abundance of Ascomycota increased

with the rising Cd concentration throughout all samples, while
phyla belonging to Basidiomycota and Fungi unclassified
were more abundant in the CK, sample. The proportion of
genera belonging Ascomycota in CK2 was obviously more
than C2 while no distinct difference in other samples. The
abundance of Basidiomycota in the C group was well above
the CK especially in C1, while the abundance of
Fungi_unclassified in the CK group was higher than the max-
imum of C group. If we ignore the treatment conditions, our
results show that Ascomycota is undoubtedly the most widely
distributed fungal phylum in the soil.

We depicted the community overlaps as Venn diagrams.
The C group (Fig. 3¢) shared more OTUs compared to the
CK group (Fig. 3b). Surprisingly, when we did not take the
physicochemical features and the plant vegetation between the
samples into account, our analysis revealed that some of the
OTUs were shared by all the six samples at 97% similarity
level (52 OTUs). The percentage of sequences that belong to
these OTUs reached 44 at 97% similarity level. We observed
85 OTUs in the CK groups; approximately 66% of the OTUs
(56 of the total OTUs) were shared among the three groups
(Fig. 3b), indicating that they shared the majority of the OTUs.
CK; and CK, shared the most common OTUs (80% of the
total), which indicates that they shared the most common fun-
gi. Similar to the CK group, the total observed OTUs in the C
group were 101 and about 65% of the OTUs (66 of the total
OTUs) were shared between them (Fig. 3¢), indicating that the
C group had more fungal species compared with the CK
group. Cy and C; had the most common OTUs (73% of the
total). In a comparison of the two groups, we found that the
cropped soil had more fungal species, showing that the culti-
vation of oilseed rape on the contaminated soil is a valid tech-
nique to restore biodiversity.

We found 11 and 10 dominant genera in the CK (Fig. 4a)
and C groups (Fig. 4b), respectively. The relative abundance
of these genera was larger than 0.1% in at least one of the six
(CK,y, CKj, CK,, Cy, C;, and C,). Combining the two figures,
we discovered that Peziales unclassified,
Sordariales_unclassified, Ascomycota_unclassified,
Mortierellaceae _uncultured, Chytridiomycetes unclassified,
and Fungi_unclassified were the most abundant of the domi-
nant genera and distributed throughout all of the groups. On
the whole, Cd contamination decreased the relative abun-
dances of most dominant genera. But, a small number of in-
dividual genera were not the case. For example, the relative
abundance of Peziales_unclassified increased with the rising
of Cd levels in the two groups, showing that
Peziales_unclassified may have a potential resistance to Cd.
When cropped with oilseed rape (C group), the relative abun-
dance of Sordariales unclassified was significantly boosted
than CK group. The result indicated that cultivation of oilseed
rape on contaminated soil adds to the restoration of some
microbial taxonomic richness and diversity.
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Fig. 3 Fungal community a ;oo -

structures (a) and OTUs Venn

diagrams (b, ¢) of all samples. a 08%

Phylum level, b OTUs detected in
CK, and ¢ OTUs detected in C
Venn diagrams are at 97%
similarity level. CK,y, CK;, and
CK, non-plant control treatments
with 0, 1, and 2 mg/kg Cd,
respectively. C0O, C1, and C2
experimental treatments cropped
with oilseed rape in 0, 1, and

2 mg/kg Cd, respectively
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In order to show the overlap between the communities
throughout our samples, we used an incidence-based one
(Bray-Curtis (B-C)) to calculate distances. We deployed the
R Programming Language to generate community similarity
heatmaps (Fig. 5). At a clustering level of 97% similarity, the
abundant OTUs were similar at genus level in all samples, as
well as the rare OTUs. Regardless of the treatments and envi-
ronment, Cy and C; appeared to be the most similar samples.
CK; and CK, also were relatively similar, while CK, showed
little similarity to others, which was supported by the results in
the Venn diagrams (Fig. 3).

According to the results of our heatmaps, the largest shared
OTUs predominantly belong to Pezizales unclassifid (OTU107),
Sordariales unclassifid (OTU32), and Ascomycota_unclassifid
(OTU27). In CK,, the percentage of members belonging to
Pezizales unclassifid was higher than CK; (roughly 15%) which
was nearly twice than CK,. We delineated the core microbiome
of our samples and defined the set of OTUs distributed among all
the samples and present at a percentage greater than 0.1%. We
found 32 core OTUs, and all belonged to 51 genera and 6 phyla
(Ascomycota, Basidiomycota, Chytridiomycota, Fungi_norank,
Fungi unclassified, and Zoopagales).
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|

o c1 (&)
co c
c2

In our work, we find that in high levels of Cd contamination
soil, the species richness, diversity, and evenness of bacterial
communities are lower compared to the unpolluted ones in the
idle soil group, which matches those reported by Nacke et al.
(2011) and Will et al. (2010). According to the rarefaction
curves in Fig. 1, both bacterial and fungal species richness in
all C samples is more abundant than CK samples. As for
OTUs of bacterial communities, the OTUs in CK2 are more
than CK1, which suggests that high level of Cd concentration
(2 mg/kg) can increase some bacterial richness to some extent.
Refer to the diversity indexes (ACE, Chao, Shannon) in
Table 2, both the bacterial and fungal richness and diversity
in C is elevated than CK except fungal diversity in CK,. That
is to say, when soils cropped with oilseed rape, the species
richness, diversity, and evenness of bacterial communities in
Cd-contaminated soil are higher than the unpolluted and idle
soil. This is mainly because substrates secreted by plant roots
performed a direct effect on microbial richness (Inceoglu et al.

2010). In the Venn diagrams (Figs. 2 and 3), 77 and 66%
common OTUs are shared in bacteria and fungi, respectively.

CK2

Samples

CK1

Cc

CK1 1

CK2

4 Discussion
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Fig. 4 Dominant fungi of the CK
group (a) and C group (b) at the
genus level. CKo, CKy, and CK,
non-plant control treatments with
OCK0 ®mCKl OCRK2

0, 1, and 2 mg/kg Cd,
respectively. C0O, C1, and C2
experimental treatments cropped
with oilseed rape in 0, 1, and

2 mg/kg Cd, respectively
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CK; and CK,, and C, and C, display the maximum overlap in
bacteria, which demonstrates that the commonality of bacte-
rial communities was improved with the rise of Cd concentra-
tion. The extra OTUs in C group than CK group suggest that
oilseed rape can promote or control bacterial or fungal diver-
sity, which have been also reported before (Lottmann et al.
1999; Heuer et al. 2002; Larkin 2003; Rasche et al. 2006). So,
this reflects that B. napus is able to alleviate the Cd toxicity to
microbes so that the cultivation of B. napus is a valid method
to restoring the soil bacterial diversity and enrich bacterial
population structure.

The bacterial community structure at the phylum level dis-
plays a similar trend throughout all samples (Fig. 2a), such as
Acidobacteria, Actinobacteria, and Chloroflexi. Their abun-
dance decreases at first and then rises with the increase of Cd
concentrations, while Proteobacteria and Bacteroidetes
displayed a contrary trend. This result was similar to that
found in other soils analyzed via the 16S rDNA pyrosequenc-
ing method (Golebiewski et al. 2014), even though the sites

and conditions were not the same. Obviously, Proteobacteria
is the most prominent phylum in our study followed by
Chloroflexi, Acidobacteria, Actinobacteria,
Gemmatimonadetes, Candidate_division_TM7, Firmicutes,
Verrucomicrobia, and Bacteroidetes. The first three phyla ac-
count for 60 to 70% throughout all our samples, and the first
nine phyla collectively account for approximately 95% of all
the bacteria. Actinobacteria in CK group is all higher than C
group, which may be a relatively more sensitive phylum af-
fected by oilseed rape. In order to assess differences in soil
bacterial communities in detail, we chose the class level of
Proteobacteria (Fig. 2b) to analyze the influence on bacteria
community in the condition of Cd exposure and cultivating
with oilseed rape. Alphaproteobacteria in CK is higher than
C, while Betaproteobacteria in C was more abundant than
CK. As for fungal community structure (Fig. 3a),
Ascomycota in both CK and C groups is coincident with the
increased Cd concentration, which can be a key phylum of
fungi to cope with Cd pollution. Kickxellomycotina and
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Fig. 5 Heatmaps of genus (a) and OTUs (b) at 97% similarity level (fungi community). CKy, CK;, and CK, non-plant control treatments with 0, 1, and
2 mg/kg Cd, respectively. CO, C1, and C2 experimental treatments cropped with oilseed rape in 0, 1, and 2 mg/kg Cd, respectively

Blastocaladiales are mainly found in C group, so they may be
the significant fungal phylum responding to oilseed rape. As
for dominant genus in fungi, Pezizales unclassified and
Sordariales_unclassified may be the key genus in fungi due
to its distinct increase (Fig. 4) when cropped with oilseed rape.
Overall, at the lower Cd levels (1 mg/kg), we find that the
abundance of all the classes is affected by the double action
of Cd and oilseed rape. However, the influence of B. napus
plays a leading role on microbial structure, which has the
ability to remedy the loss of richness and diversity caused by
Cd pollution. We suspect that this is due to the so called host-
genotype-dependent differences in patterns of microbial asso-
ciations (Inceoglu et al. 2010; Inceoglu et al. 2011). The re-
medial effect of B. napus seems largely independent with the
degree of Cd pollution. According to the Figs. 3a and 4, we
can observe a similar result that the fungal community is sig-
nificantly affected by the double action of Cd and B. napus. In

@ Springer

general, cultivation of oilseed rape plays a leading role in
fungal richness and diversity, while its impact on bacteria
community structure and species diversity is not as distinct.
This indicates that the cultivation of oilseed rape is an effec-
tive method to restore the fungi richness and diversity in Cd-
contaminated soil.

5 Conclusions

In conclusion, the results of our pot-experiment indicated that
the analysis at the 97% similarity level was adequate to assess
the influence of both Cd and B. napus on microbial diversity
and community structure. The results indicate that Cd contam-
ination has the potential to decrease the taxonomic richness and
diversity of microorganisms in soil, and further alters the mi-
crobial structures. Especially the classes belonging to
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Alphaproteobacteria in bacteria and the phylum belonging to
fungi_unclassified in fungi are more susceptible. However, our
results also reveal that the cultivation of oilseed rape has a
positive impact on these parameters and possesses the potential
to restore the loss of soil microbial community caused by Cd
pollution. We find that the relative abundances of classes in
bacteria including Betaproteobacteria, Gammaproteobacteria,
MACA-EFT26, Proteobacteria_unclassified, TA18, and genus-
es including Pezizales unclassified and
Sordariales unclassified all increase after cropping with oil-
seed rape. These findings illustrate that the cultivation of oil-
seed rape can be used to restore the soil microbial diversity and
enrich the microbial population, and furthermore, enhance the
stability of the soil micro-ecological community structure so as
to mitigate the deleterious effect of Cd-polluted soil on ecolog-
ical environment and agricultural production ultimately.
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