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Abstract Bacterial communities and denitrifiers in pol-
luted paddy soils near e-waste processing centers were
explored to investigate the effects of e-waste-derived
heavy metals on soil bacteria. The abundance of
denitrifying genes (narG, nirK, and nosZ), as well as
the total bacterial community in soils, was slightly in-
fluenced by heavy metals. However, heavy metals, es-
pecially Ni and Cu, had a greater effect on the commu-
nity structure of denitrifiers than other soil factors. Sig-
nificant correlations were observed between heavy
metals and the abundance of some dominant denitrifiers
(P<0.05). The Cu and Ni content had a significant
positive effect on Methylobacterium based on the rela-
tive abundance of nitrite reducers to nitrous oxide re-
ducers (P < 0.05). The exploration of the abundance and
composition of denitrifiers in e-waste-contaminated
paddy soils and their relationship with heavy metal
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content in soil offer an insight into the influence of
heavy metals on denitrification in such soils.
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1 Introduction

E-waste refers to the electronic products that have
reached the end of their useful life. Recycling and
disposal of e-waste are serious environmental prob-
lems in developing regions, including China
(Awasthi et al. 2016; Schmidt 2006). Because these
processes often lack pollution control measures, tox-
ic pollutants, such as heavy metals and persistent
organics, are released into the soil or to the river
environment and cause serious health problems for
people who live nearby (Kiddee et al. 2013; Tang
et al. 2010; Xue et al. 2017; Wu et al. 2015, 2016,
2017, 2018). Paddy soil fields around e-waste
recycling workshops, such as those in the town of
Guiyu in Guangdong Province, China, have been
extensively polluted by Cu, Cd, Ni, and other metals
(Luo et al. 2011).

Soil microorganisms have a great impact on soil
nutrient cycle and might influence the growth and
metal uptake of plants; they are also sensitive to the
changes in the surrounding environment (Rojas-
Tapias et al. 2014; Sabadini-Santos et al. 2014; Zou
et al. 2018). Heavy metal contaminants present
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substantial challenges to the maintenance of phylo-
genetically and functionally diverse soils
(Subrahmanyam et al. 2016). For example, excessive
Cu content impacts the urease activity and the com-
munity structure of soil microbes (Ge and Zhang
2011). The structures of bacterial communities and
soil enzymes are also influenced by e-waste-derived
heavy metal pollution (Tang et al. 2014; Zhang and
Fan 2014). Soil enzymes are generally considered
effective indicators of the activities of soil microor-
ganisms and directly involved in element cycling in
soils (Killham and Staddon 2002). Thus, the explo-
ration of the functional genes of key enzymes of soil
microbial communities in mechanisms such as nitro-
gen cycling may help to understand the role of heavy
metals in microbial-mediated processes.

Microbial denitrification is a respiratory process
that consists of four consecutive reaction steps, in
which nitrate is reduced to dinitrogen gas, making it
an essential component of nitrogen cycling (Liu et al.
2015; Zumft 1997). Among the established bio-
markers, the narG gene encoding the alpha catalytic
subunit of respiratory nitrate reductase, the nirK gene
encoding the copper nitrite reductase (Braker et al.
2000; Henry et al. 2004), and the nosZ gene encoding
the nitrous oxide reductase (Scala and Kerkhof 1998,
1999) have been most extensively applied in the
assessment of the microbial diversity of the denitrifi-
cation process in natural environments owing to their
high conservation prosperity in gene sequences
among microorganisms (Chon et al. 2011). Denitrifi-
cation is sensitive to heavy metals, and the inhibition
of denitrification is dependent on the amount of
heavy metals in soils (Holtan-Hartwig et al. 2002).
The inhibition of denitrification may have a close
relationship with the changes in denitrifiers. The
denaturing gradient gel electrophoresis (DGGE)
analysis showed that metal pollution significantly
influenced the composition of denitrifiers in paddy
soils (Liu et al. 2016). However, there has been no
detailed information on the relationship between
heavy metal pollution and the structure of
denitrifying communities in paddy soils around e-
waste recycling workshops. The objective of this
study was to identify the structure and diversity of
denitrifying communities and total bacterial commu-
nities in paddy soils polluted by e-waste and to reveal
the relationships between heavy metal content and
the structure and diversity of denitrifiers.
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2 Materials and Methods
2.1 Sample Collection

Field sampling was conducted in January 2013. Two
polluted rice fields around a pickling field (N 116°37', E
23°33") and an e-waste recycling dump (N 116°35', E
23°34"), hereafter referred to as LDTR and LGTR, re-
spectively, along with a control site (CK) (N 116°22', E
23°19") in the town of Guiyu, Guangdong Province,
were selected for this study. Ten soil samples from each
site were randomly collected at the 0-20 cm soil layer. A
portion of each soil sample was air-dried, passed
through an 80-mesh sieve, and prepared for heavy metal
and physicochemical properties analysis. The other por-
tion of each soil sample was kept at —20 °C for micro-
flora analysis.

2.2 Heavy Metal and Elementary Properties Analysis

The Cd, As, Pb, Cr, Cu, Zn, and Ni contents in soils
were determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES) (PerkinElmer, Opti-
ma 2100DV) after digestion with a mixture of HNO;3-
HCI-HCIO, (4:1:1, v:v:v) (Hseu et al. 2002). The pH
values were measured with a pH meter (Sartorius, 3C).
Nitrite and nitrate in the soils were extracted with
2 mol/L KCI. Nitrite was determined spectrophotomet-
rically at 540 nm with N-(1-naphthyl) ethylenediamine
dihydrochloride, and nitrate was measured with a con-
tinuous flow analyzer (SAN++, Skalar, Breda, Holland)
(Chen et al. 2011).

2.3 DNA Extraction and 16S rRNA Gene Analysis

DNA was extracted from 0.5 g soil samples with a
Powersoil™ DNA extraction kit (Mo Bio Labs, USA)
according to the manufacturer’s instructions and stored
at —20 °C for further molecular analysis. The V4 region
of the 16S rRNA gene was amplified from each soil
sample with primers and reaction conditions as outlined
in Table S1. Polymerase Chain Reaction (PCR) prod-
ucts were purified with an E.ZN.A.® Cycle-Pure Kit
(OMEGA, USA), measured by a Qubit fluorometer
(Life Technologies, Paisley, UK), and pooled in equi-
molar amounts. The 16S rRNA gene amplicon pool was
then sequenced on the Illumina MiSeq system at the
MACROGEN DNA Synthesis and Sequencing Facility
(Seoul, Korea).
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Quality trimming and high-quality set aligning for
16S rRNA sequences were performed using MOTHUR
software package (Schloss et al. 2009). The alpha diver-
sity of the bacterial communities, including Chaol,
Shannon, and phylogenetic diversity (PD), was assessed
from operational taxonomic unit (OTU) with an evolu-
tionary distance of 0.03 (or 97% 16S rRNA gene se-
quence similarity) using Quantitative Insights Into Mi-
crobial Ecology (QIIME) software as the default param-
eters (Caporaso et al. 2010). The taxonomic composi-
tion analysis was conducted using a Ribosomal Data-
base Project (RDP) classifier with an 80% threshold
(Wang et al. 2007).

2.4 Quantitative Real-Time PCR Assay

Three denitrifying genes, narG, nirK, and nosZ, along
with 16S rRNA were selected for the quantitative real-
time PCR (qPCR) assay. The number of copies of the
targeted genes was quantified in each sample using
extracted DNA as a template for qPCR, and the primer
sets are listed in Table S1. The qPCR was carried out in a
MyiQ5 Cycler (BIO-RAD, USA). PCR reactions were
performed following the qPCR kit manufacturer’s in-
structions (Zhang et al. 2009).

Linearized plasmids of pGEM-T Easy Vector
(Promega, USA) harboring PCR-amplified inserts of
the targeted genes were used as template DNA to con-
struct standard curves (Kidron et al. 2015). The speci-
ficity of each PCR assay was confirmed using both
melting curve analysis and agarose gel electrophoresis.
All the measurements were performed in triplicate.

2.5 Clone Library Construction of Denitrification Genes

Nine clone libraries of narG, nirK, and nosZ genes were
constructed from mixed soil samples of LDTR, LGTR,
and CK, respectively. The primer sets for the amplifica-
tion of narG, nirK, and nosZ are listed in Table S1. PCR
was conducted for each soil sample with a total volume
of 50 uL (Wu et al. 2011). All PCR products were
purified using an E.Z.N.A.® Gel Extraction Kit (OME-
GA, USA) after being analyzed with 1.5% (w/v) agarose
gels. The purified PCR products of the genes were
mixed in equimolar amounts, ligated into the pGEM-T
Easy Vector (Promega, USA), and transformed into E.
coli DH5« (Takara, Japan) cells. Transformants were
selected on Luria-Bertani agar plates and verified using
colony PCR. Approximately 120 positive recombinants

from each of the nine libraries of narG, nirK, and nosZ
were randomly selected for sequence analysis by BGI-
Tech (BGI, China). The taxonomic information of clone
sequences was acquired by comparing it to the National
Center for Biotechnology Information-non-redundant
(NCBI-nr) database using Basic Local Alignment
Search Tool (BLAST) (Gotebiewski et al. 2014).

2.6 Terminal Restriction Fragment Length
Polymorphism (T-RFLP) of Denitrifying Genes

The primers in the terminal restriction fragment length
polymorphism (T-RFLP) analysis of narG, nirK, and
nosZ were the same as those used in clone library
construction (Table S1), and the forward primer was
fluorescently labeled with 6-FAM. The PCR amplifica-
tion was conducted in a total volume of 50 pL contain-
ing 5 puL of 10 x Ex Taq buffer, 4 uL dNTP mixture
(2.5 mM each), 0.25 uL of 5 U uL™"' Ex Tag HS DNA
polymerase (Takara, Shiga, Japan), 1 pL of purified soil
DNA, and 1 pL of primer (10 uM each). The
thermocycling steps were the same as those in clone
library construction. Aliquots of purified PCR products
were digested with the Alul restriction enzyme at 37 °C
for 12 h and examined by electrophoresis on a 2%
agarose gel. Fluorescently labeled T-RFs were detected
using an ABI PRISM 310 genetic analyzer (Applied
Biosystems, California, USA) after being separated by
capillary electrophoresis. The fragment lengths and in-
tensity were analyzed using Genescan software (Ap-
plied Biosystems). The data were subjected to quality
control procedures, including T-RF alignment (cluster-
ing threshold =2 base pairs (bp)) and noise filtering
(peak area, standard deviation multiplier=1). Besides,
T-RFs with a proportion below 0.5% and size below
50 bp were excluded from subsequent analyses. The
corresponding microorganism of a T-RF was accessed
by matching the number of bp with the sequence from
the clone libraries.

2.7 Statistical Analysis

One-way ANOVA (LSD) was conducted in SPSS 20.0
to assess the variance among the relative abundance of
major microorganisms, soil properties, and heavy metal
content at the LDTR, LGTR, and CK sites. The redun-
dancy analysis (RDA) and virtual population analysis
(VPA) of soil chemical and bacteria community struc-
ture properties were performed using Vegan package in
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The overall microbial composition of the soil from
LDTR, LGTR, and CK was similar (Fig. 1).
Betaproteobacteria and Anaerolineae were the two
most dominant orders, representing 16 and 9.7% of the
LDTR samples, 15 and 8.6% of the LGTR samples, and
12 and 15% of the CK samples, respectively. At the
family level, Hydrogenophilaceae, Enterobacteriaceae,
and Gallionellaceae represented the most dominant lin-
eages of all three sites and accounted for 5.0%, 2.5%,
and 2.5% of all three sites, respectively (Fig. S1).

3.3 The Relationship Between Heavy Metal Content
and Microbial Composition

RDA analysis showed that heavy metal concentrations
and other physicochemical properties had a weak rela-
tionship with microbial diversity indices (Table S3). In
contrast, more than 90% of the variance in soil bacterial
composition could be explained by heavy metals and
other soil properties investigated, and the permutation
test indicated that both axes were significant (P < 0.05)
(Table S3). Thus, the heavy metal content and other
physicochemical properties might have a large impact
on the soil bacterial composition at different taxa levels
atthe LDTR, LGTR, and CK sites (Table S3). The VPA
analysis further illustrated that the heavy metals were the
dominant factors that shaped the soil bacterial commu-
nity structure (Fig. 2). Ni, followed by Cu, was the most

Fig. 1 Relative abundance of
dominant bacteria and archaea in
LDTR, LGTR, and CK at the

order level. Error bars indicate the Gammaproteobacteria
standard errors of the relative c Deltaproteobacteria
; ; o
abundance of dorpmant bacteria = Betaproteobacteria
and archaea in soil samples from )
the same site 8_ Alphaproteobacteria
g Nitrospira
8 Gemmatimonadetes
I= Chloroplast
8 Ktedonobacteria
o
X
©
e

Verrucomicrobiae

Anaerolineae

significant dominant factor that shaped the soil bacterial
composition (P<0.05) (Table S4). Moreover,
Bacteroidetes, Proteobacteria, and Chlorobi were sig-
nificantly correlated with Ni and Cu (P<0.05)
(Table 2).

3.4 Characteristics of Denitrifying Microbial
Communities under e-Waste Pollution

The qPCR assays showed that all four genes were similar
in copy numbers in soils from LDTR, LGTR, and CK;
their differences did not reach significant levels
(P>0.05) (Table S5). In regard to the 16S rRNA gene,
the copy number per gram soil of LDTR, LGTR, and CK
was 5.7x10°£3.1x10%, 4.4x10°+4.1x10°, and
3.7x10°+2.7x 10° (mean + SE), respectively. Mean-
while, per gram soil of LDTR, LGTR, and CK contained
42x10°£6.5x10% 3.6x10°+3.2x10°, and 1.5 x
10°+ 1.4 x 10° copies of narG, 3.1x10°+3.7 x 10°,
44%x10°+£4.6x10°, and 5.4 x 10°+5.8 x 10> copies
of nirK, and 6.5 x 10°+6.2 x 10°, 8.2 x 10°+7.0 x 10°,
and 7.7 x 10°£5.9 x 10° copies of nosZ, respectively.
Approximately 120 clones were randomly selected
from the libraries of LDTR, LGTR, and CK soil that
targeted narG, nirK, or nosZ as marker genes, providing
an insight into the taxonomic composition of
denitrifying communities in e-waste polluted soils.
Figure 2 shows that there are some differences in the

Bacteroidia
i 0 mmm CK
Actinobacteria LDTR
Acidobacteria === LGTR
0 5 10 15 20 25

Relative abundance (%)
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0.212

0.005
~0.418%
~0.136

—0.033
-0.077

—0.442%
~0.386*

—0.053

—0.344

0.165
—0.166

—0.492%%* -0.092 —0.056
-0.178

0.073

-0.217
—0.057
—0.003

Crenarchaeota

0.246

0.215
—0.054

0.081
—0.186

0.149
-0.324

0.008
-0.169

Acidobacteria

0.156
0.096
—0.481%*

0.117
-0.102

0.216

—0.069

0.062
0.06

0.039

0.32

Actinobacteria

0.048
~0.412%

0.534%%*
—0.559%*
0.414*
0.393*
0.091

-0.33
—0.158

0.466**
—0.455%*

0.241
—0.251

0.085

Bacteroidetes
Chlorobi

0.393*
—0.287
—0.16
—0.423*
—0.031

0.599%*
—0.428*
-0.162

0314
-0.227

0.009
—0.034

0.139
—0.265
-0.197
—-0.01
-0.215

0.178
—0.349
—0.028
-0.25

0.448*
0.229

0.360*
—0.026

0.294
0.177
-0.027
-0.259
—0.288

0.113

Chloroflexi

0.109
0.117
—0.553%*

0.195

0.040
—0.402*
-0.014

0.561%*

0.142
-0.333
-0.252

Cyanobacteria

0.222
-0.279
—0.201

0.087

0.018
-0.226

Firmicutes

0.104
—0.135

0.043
0.256

Nitrospirae

0.079
0.024

-0.25

0.256

0.200
—0.105
—-0.339

0.135
0.326
—0.051

Planctomycetes

0.088

0.134
0.03

0.013
—0.341

0.164
-0.2

0.377*

0.207

0.4527
0.137

0.349
—0.051

0.404*
—0.190

Proteobacteria

0.137

Verrucomicrobia

This table only shows the taxa with relative abundance > 1%; * means significant difference at 0.05 level, and ** means significant difference at 0.001 level

phylogenetic distribution of the communities with dif-
ferent denitrifying genes, while the difference among
the three sites was also obvious. Deinococci was the
most dominant order containing the narG gene, while
Alphaproteobacteria was the most dominant order con-
taining the nirK or the nosZ gene. Moreover,
Betaproteobacteria represented another most dominant
order of clones with the nosZ gene, accounting for 18%,
25%, and 60% of the clones in LDTR, LGTR, and CK,
respectively. In contrast, only less than 9% of the clones
containing nirK belonged to Betaproteobacteria. Like-
wise, Azoarcus genus in Betaproteobacteria family was
the most dominant genus of clones with the nosZ gene,
but not the nirK gene, and represented 22% of the nosZ
clone library. Bradyrhizobium was the dominant genus
both in nirK and nosZ libraries and accounted for 8% of
both clone libraries (Fig. 3). Furthermore, the relative
abundance of some orders was much higher in polluted
sites than in the control site, suggesting that these orders
might be metal resistant. For example,
Deltaproteobacteria, a dominant order in the narG li-
brary accounted for 20 and 16% of the clones in LDTR
and LGTR, respectively, while it only accounted for 4%
of the clones in CK.

To further investigate the diversity of the denitrifiers,
the PCR-amplified narG, nirK, and nosZ fragments from
soils in LDTR, LGTR, and CK were subjected to Alul
digestion and analyzed by T-RFLP (Table S6-S8). For all
three genes, the major T-RFs and the genera they
belonged to were varied among the three study sites,
especially between polluted (LDTR and LGTR) and
unpolluted (CK) sites. The predominant T-RFs of narG
fragments in LDTR, LGTR, and CK belonged to
Achromobacter (358 bp, with 11.4% +13.7% relative

NOzand NOs
(6.8%)
9.7 % l \

AN

Heavy metal > 114 %@ pH and OM
(46.6%) (9.5%)

Fig. 2 Virtual population analysis (VPA) of heavy metals, pH,
and OM as well as NO, and NO;  on the community structure of
bacteria at the phylum level
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abundance), Achromobacter (136 bp, 5.09% + 6.34%),
and Thauera (568 bp, 11.6% + 16.4%). Moreover, the T-
RF of 287 bp assigned to Meiothermus frequently oc-
curred both in LDTR (5.12% £9.00%) and LGTR
(3.49% £ 9.60%) (Table S6). For nirK, the dominant T-
RFs of 174 bp and 350 bp in LDTR and LGTR, as well
as the T-RF of 238 bp in CK, were related to
Bradyrhizobium (Table S7). The T-RFs for the nosZ gene
assigned to Bradyrhizobium were also found in LDTR
(237 bp, 11.5%+10.7%), LGTR (237 bp, 5.33% +
6.67%), and CK (193 bp, 3.24% +2.63%) (Table S8).

3.5 The Correlation Between Soil Properties
and Denitrifying Microbial Communities

In order to determine the extent of the soil properties that
affect denitrifier communities, the gene copy numbers
and the relative abundance of the major genera with
narG, nirK, and nosZ were analyzed using RDA
(Table S9). The copy number of narG, nirK, and nosZ
was only slightly impacted by the soil properties. Fur-
thermore, the soil properties might be important in
explaining the relative abundance of major genera with
narG, nirK, and nosZ genes, indicated by the P value (<
0.01) of the permutation test on three corresponding
RDA analyses (Table S9). Similar to the total bacterial
community, heavy metals were also the dominant fac-
tors that shaped the community structure of denitrifying
bacteria. Heavy metals could explain 50.6%, 46.1%,
and 48.0% of the variation in the relative abundance of
the major denitrifier genera with narG, nirK, and nosZ
genes, respectively (Fig. 3). Ni was also the most im-
portant factor that determined the community structure
of denitrifying bacteria (P < 0.05) (Table S10).

Based on the correlation analysis between the soil
properties and relative abundance of denitrifying

bacteria with the narG gene, Ni and Cu positively
influenced Meiothermus (P <0.05) (Table 3). With re-
gard to the species with the nirK gene,
Methylobacterium and Bradyrhizobium were positively
correlated with Ni and Cu (P <0.05), while significant
negative correlations were detected between Nocardia
and Ni and Cu (P<0.05). Caulobacter,
Anaeromyxobacter, and Mesorhizobium were also neg-
atively correlated with Ni content in soil (P <0.05)
(Table 3). Among the bacteria containing the nosZ gene,
Anaeromyxobacter and Oligotropha (P < 0.05) were
negatively affected by Ni and Cu, while Mesorhizobium
was positively affected by Ni and Cu (Table 3). Ni also
positively affected the relative abundance of
Bradyrhizobium (P <0.05) (Table 3).

4 Discussion

4.1 Effects of Heavy Metals on the Diversity
and Structure of Bacterial Communities

Zn, Hg, and Cu might lead to a simultaneous decrease in
microbial community diversity in soil (Garcia-Sanchez
et al. 2015; Li et al. 2015). It was also reported that the
contents of residual Cd and Zn could explain 89% and
43% of the variations in the abundance of total bacteria
and metal-resistant bacteria in paddy soil contaminated
by e-waste (Zhang and Fan 2014). However, previous
DGGE analysis results showed that there was little cor-
relation between the microbial community diversity and
slightly elevated contents of Cu and Cd in e-waste-
polluted paddy soils (Tang et al. 2014). Few correlations
were observed between heavy metals and the diversity
index of soil microbial communities in this study
(Table S3), likely caused by the moderate metal content

o
o

®
o
L

IS
o

Relative abundance

S}
i

CK LDTR LGTR CK LDTR

= Actinobacteridae
mmmm Alphaproteobacteria
=== Betaproteobacteria
— Deltaproteobacteria
=mmm Gammaproteobacteria
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Fig. 4 Virtual population analysis (VPA) of soil properties on the
community structure of denitrifying bacteria with narG (a), nirK
(b), and nosZ (c) genes

in the soil. Moreover, bacteria in soil, for example,
Cytophagaceae, Chitinophagaceae, Acidobacteriaceae,
KD4-96, Sphingomonadaceae, and Nitrosomonadaceae,
might have adapted to heavy metals such as Zn
(Gotebiewski et al. 2014). While, in large-scale studies,
the local variability of soil properties may obscure the
effect of heavy metals on the compositions of the soil
bacteria (Chodak et al. 2013). However, in this study, the
RDA analysis indicated that heavy metals, especially Ni
and Cu, had a greater influence on the structure of soil
bacterial communities than other soil properties such as
soil pH and NO5 ™ (Table S4, Fig. 3). The pH and NO5 ™ of
the investigated soils were somewhat similar at the study

sites; however, Ni and Cu concentrations were rather
different. In addition, Bacteroidetes and Proteobacteria
were positively correlated with Cu and Ni (P <0.05)
(Table 2), suggesting that these bacteria might resist to
Cu and Ni and their stress-response mechanism to Cu
and Ni needs further research.

4.2 Effects of Heavy Metals on the Abundance
and Structure of Denitrifying Microbial Communities

Denitrification process is sensitive to heavy metals (Liu
et al. 2016; Sobolev and Begonia 2008). Thus, the copy
number of denitrifying genes such as narG, nirK, and
nosZ might be significantly impacted by heavy metal
concentrations. However, the RDA analysis suggested
that there was only a slight correlation between the copy
number of narG, nirK, and nosZ genes and the heavy
metal content in polluted soil (Table S9). The abundance
of nirK genes, representing the nitrite-reducing bacteria,
was not affected by elevated Cu, Zn, and Cd levels in
paddy soils (Liu et al. 2014). The copy number of nirK
could temporarily be inhibited under the stress of Cu,
Zn, and Cd (Holtan-Hartwig et al. 2002). Thus, the
adaptation of denitrifiers to heavy metals might lead to
the poor relationship between the copy number of
denitrifying genes and heavy metals.

Species such as Bradyrhizobium sp. (Torres et al.
2011), Marinithermus sp. (Sikorski et al. 2010), and
Hyphomicrobium sp. (Venkatramanan et al. 2013),
which play an important role in denitrification, were
also identified in nirK and nosZ clone libraries in this
study. Some of the denitrifying bacteria identified in our
study were resistant to heavy metals. The abundance of
Meiothermus genus was tightly associated with Cu in
the soil of copper mines (Pereira et al. 2015).
Methylobacterium was also identified in the rhizosphere
and endosphere of the Ni hyperaccumulating plant
Thlaspi goesingense and exhibited characteristics of Ni
resistance (Idris et al. 2006). In our study, the relative
abundance of soil denitrifying communities largely
depended on the concentrations of heavy metals, espe-
cially Ni and Cu (Fig. 4, Table S10). Ni and Cu were
both significantly related to major denitrifying genera,
including Meiothermus as nitrate-reducers,
Bradyrhizobium, Methylobacterium, and Nocardia as
nitrite reducers, and Mesorhizobium,
Anaeromyxobacter, and Oligotropha as nitrous oxide
reducers (P < 0.05) (Table 3). The likely reason for the
tight relationship between Cu and denitrifying bacteria
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is that the expression of the gene encoding the nitrous
oxide reductase (nosZ), which converts N,O to N, is
regulated by extracellular Cu concentrations (Sullivan
et al. 2013). Our research suggests that Ni might be
related to denitrification via the change in the relative
abundance of major denitrifying bacteria. Further re-
search is needed to illustrate the relationship between
the changes in major denitrifying bacteria and their
interactions under the stress of heavy metals.

5 Conclusion

Our study elucidates the major genera of denitrifying
bacteria, as well as the whole microorganism commu-
nity in two e-waste-polluted paddy soil sites containing
elevated Ni and Cu and a control site. The possible
relationship between heavy metals and bacteria in soils
was also explored. Statistical analysis showed that Ni
was the most important factor, followed by Cu, that
controls the relative abundance of major denitrifying
bacteria or total bacteria in two e-waste-polluted paddy
soil sites. However, the influence of Ni and Cu on the
abundance of the microorganism community was not
obvious. Significant correlations (P < 0.05) were found
between the metal concentrations and the abundance of
specific denitrifying bacteria, such as Bradyrhizobium,
Meiothermus, and Methylobacterium.
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