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Response of soil bacterial communities to lead and zinc pollution
revealed by Illumina MiSeq sequencing investigation
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Abstract Soil provides a critical environment for microbial
community development. However, microorganisms may be
sensitive to substances such as heavy metals (HMs), which are
common soil contaminants. This study investigated bacterial
communities using 16S ribosomal RNA (rRNA) gene frag-
ment sequencing in geographic regions with and without HM
pollution to elucidate the effects of soil properties and HMs on
bacterial communities. No obvious changes in the richness or
diversity of bacterial communities were observed between
samples from mining and control areas. Significant differ-
ences in bacterial richness and diversity were detected be-
tween samples from different geographic regions, indicating
that the basic soil characteristics were the most important fac-
tors affecting bacterial communities other than HMs.
However, the abundances of several phyla and genera differed
significantly between mining and control samples, suggesting
that Zn and Pb pollution may impact the soil bacterial com-
munity composition. Moreover, regression analyses showed
that the relative abundances of these phyla and genera were
correlated significantly with the soil-available Zn and Pb con-
tents. Redundancy analysis indicated that the soil K, ammo-
niacal nitrogen (NH4

+–N), total Cu, and available Zn and Cu

contents were the most important factors. Our results not only
suggested that the soil bacteria were sensitive to HM stresses
but also indicated that other soil properties may affect soil
microorganisms to a greater extent.
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Introduction

Heavy metal (HM) pollution from human activities such as
mining, chemical industries, and agriculture has increased
greatly over the past century. HMs are non-biodegradable
and persist in soil for long periods, even thousands of years
(Kabata and Pendias 2001; Fu andWang 2011). HMs interfere
with numerous physiological processes, including alteration
of enzyme specificity, disruption of cellular functions, and
damage to cell membranes and DNA structure (Bruins et al.
2000). In addition, essential metals can be displaced from their
native enzymatic binding sites by contaminant HMs (Bruins
et al. 2000). Many studies have reported that excessive expo-
sure to HMs can have deleterious effects on soils, water-
courses, the atmosphere, ecosystems, and human health
(Wcisło et al. 2002; Pérez-de-Mora et al. 2006; Kasassi et al.
2008; Zhao et al. 2012). Thus, widespread HM pollution is
currently one of the most serious environmental problems,
especially in mining areas.

Although high HM concentrations have been shown to
decrease populations of normal soil microorganisms, such
conditions also promote HM-resistant microorganisms in con-
taminated environments (Bruins et al. 2000; Valls and de
Lorenzo 2002). There are several mechanisms underlying
HM resistance, including exclusion by barriers, extracellular
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and intracellular sequestration, reduction in the sensitivity of
cellular targets, and enzymatic detoxification (Nies 2003;
Hobman et al. 2007). Furthermore, it has been shown that
these resistance systems, which may be carried by transposons
or plasmids, can be transferred to other community members
(Sørensen et al. 2005). Therefore, strong selective pressures
on microorganisms living in HM-contaminated soils may
have significant consequences for bacterial communities.

Previous studies have revealed that HM accumulation in
soils have adverse effects on microbial biomass, activity, and
diversity (Frostegård et al. 1993; Macdonald et al. 2011;
Margesin et al. 2011). For example, changes in soil microbial
community structure and activities have been observed after
the addition of HMs (Khan et al. 2010). Li et al. (2015) found
that long-term nickel exposure altered the bacterial communi-
ty composition in agricultural soils. However, some reports
have shown only moderate influence of HM pollution on soil
bacterial communities and total community richness (Müller
et al. 2001). Gans et al. (2005) reported that microbial di-
versity in heavily polluted soils may constitute only 1 %
of that in pristine soils, whereas Niklińska et al. (2005)
found that HM pollution weakly influenced the functional
structure of microbial communities in long-term polluted
forest soils. These studies reveal that different microbial
communities responses to HM pollution diversely de-
pending on the soil system.

It has been shown that diverse bacterial communities de-
velop similarly when colonizing the same habitat, resulting in
similar community compositions (Delmont et al. 2014). This
may be explained by the adaptation of bacterial communities
to the same selective pressures. The objective of this study
was to investigate how different bacterial communities and
components of bacterial communities respond to HM selec-
tive pressures. We collected soil samples from different geo-
graphical regions that varied in HM contents (Fig. 1). Using
high throughput sequencing of 16S ribosomal RNA (rRNA)
gene fragments, we revealed relationships between HM stress-
es and microbial components, structure, and diversity.

Materials and methods

Soil samples

Samples were collected at four sites in Yunnan province,
China (Fig. 1). Two lead and zinc enrichment sites were lo-
cated near a lead and zinc ore enrichment facility (MY, 24° 0′
N, 103° 2′ E) in Jianshui County and an abandoned lead and
zinc mine (HZ, 26° 39′ N, 103° 43′ E) in Qujing, while two
respective control sites were in the nearby suburbs of
Kunming (KM, 24° 49′ N, 102°49′ E) and Shaotong (QJ,
26° 46′ N, 103° 3′ E) (Fig. 1). The lead and zinc ore enrich-
ment facility has been put into use for more than 40 years. The

abandoned lead and zinc mine has a hundred years of large-
scale mining history and has been abandoned in recent years.
Soils closed to these two mines are polluted by human activ-
ities like mining and ore washing and hauling. The polluted
sampling site is more than 5 km2 for both MY and HZ. The
polluted and respective control soils in each region were from
same soil types (brown soils for region 1, red soils for region
2) (Fig. 1). All samples were collected around the rhizosphere
of Picris divaricata to exclude the influence of vegetation
cover. In August 2015, topsoil samples (0–15-cm depth) were
collected, mixed, and homogenized by passing them through a
2-mm sieve to remove aboveground plant materials, roots, and
stones. Two or three samples were collected at each site, and
each sample was collected in triplicate at each sampling loca-
tion. After packing in sterile Ziploc bags, the soil samples
were transported to the laboratory and stored either at 4 °C
for further physicochemical properties analysis or at −80 °C
for DNA extraction.

Soil chemical analysis and heavy metal determination

All three sample replicates were analyzed independently for
their physicochemical properties. The pH, soil total C (TC),
soil total N (TN), NH4

+–N, NO3
−–N, soil organic matter

(OM), total P, and total K of the samples were measured ac-
cording to our previous study (Chen et al. 2016). To determine
the total HM (Zn, Pb, Cu, and Mn) contents, each soil sample
was air-dried, first at room temperature, then at 105 °C for 6 h,
and finally passed through a 0.15-mm nylon sieve. After
digesting the soils with a mixture of HNO3 and HClO4 (4:1,
v/v; Bansal and Kapoor 2000), the Mn, Cu, and Zn concen-
trations of the resulting solution was determined using induc-
tively coupled plasma optical emission spectrometry (ICP-
OES; 710series, Agilent Technologies, Palo Alto, CA,
USA). Inductively coupled plasma mass spectrometry (ICP-
MS; NexION 300X, PerkinElmer, Norwalk, CT, USA) was

Fig. 1 The study area and sampling site location
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used to measure the total Pb concentrations. To determine the
available HM concentrations, 20 ml Modified Morgan’s solu-
tion (1-M ammonium acetate at pH 4.8) were combined with
4 g soil in a 100-ml Erlenmeyer flask (Chen et al. 2016). After
shaking on a rotary shaker at 150 rpm for 15 min, the soil
mixture was filtered through filter paper. The extracts were
then analyzed for HMs using ICP-MS.

DNA extraction and PCR amplification

Soil DNA was extracted from 0.5 g soil using a FastDNA
SPIN Kit following the manufacturer’s instructions (MP
Biomedicals, Santa Ana, CA, USA). The extracted DNA
was dissolved in 50-μl TE buffer, quantified by spectropho-
tometry, and then stored at −20 °C. The conserved bacterium-
specific primer set, 515F (5′-GTGCCAGCMGCCGCGGT
AA-3′)/806R (5′-GGACTACHVGGGTWTCTAAT-3′)
(Caporaso et al. 2011), was used to amplify the V4 region of
the 16S rRNA gene, which yields accurate taxonomic infor-
mation and has few biases among various bacterial taxa (Bates
et al. 2011). To characterize each sample, a 6-bp error-
correcting barcode was included in the reverse primer (Chen
et al. 2016). The PCR was carried out in a mixture in a final
volume of 20 μl, which contained a 10 ng DNA template,
0.8 μl of each 5 μM primer, 0.4 μl FastPfu Polymerase
(TransGen Biotech, Beijing, China), 4 μl 5× FastPfu Buffer,
2 μl 2.5 mM dNTPs, and 0.2 μl bovine serum albumin (BSA;
Takara Biotechnology, Dalian, China). The amplification was
performed using the following conditions: 95 °C for 3 min; 30
cycles of denaturation at 95 °C for 30 s, primer annealing at
55 °C for 30 s, and extension at 72 °C for 45 s, followed by a
final extension period of 10 min at 72 °C. For each sample, all
three soil replicates were analyzed independently.

Illumina MiSeq sequencing

Three independent PCR amplification products for each soil
sample replicate were combined to construct PCR amplicon
libraries to minimize the impact of potential early round PCR
errors. After extraction from 2 % agarose gels, the amplicons
were purified using an AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA) according to
the manufacturer’s protocol. Then, the amplicons were quan-
tified using QuantiFluor™-ST (Promega, Madison, WI,
USA). After pooling them in equimolar volumes, the purified
amplicons were paired-end sequenced (2 × 150) on an
Illumina MiSeq platform (Majorbio Bioinformatics
Technology Co., Ltd., Shanghai, China) according to standard
protocols. In total, 30 sequencing libraries were constructed,
and amplicons for each repetition were sequenced
independently.

Processing and analyzing the sequencing data

The Illumina raw reads were quality-filtered by QIIME
(Caporaso et al. 2010) using the criteria described in Chen
et al. (2016). Before any further analysis, resampling was
performed based on the minimum sequence numbers across
all samples. The sequences were assigned to operational tax-
onomic units (OTUs) with a 97 % similarity cutoff, and the
OTUs were chosen using the UPARSE pipeline (Edgar 2013).
Chimeric sequences were identified and removed using
UCHIME (Edgar et al. 2011). Representative sequences for
each OTUwere selected and assigned to taxonomic data at the
70 % threshold using the RDP classifier (Caporaso et al.
2011). The rarefaction curves and indices of Chao1, ACE
richness, and Shannon diversity were generated by the
Mothur software (Schloss et al. 2009). The beta-diversity es-
timates (Bray–Curtis distances) were calculated by the QIIME
pipeline (Caporaso et al. 2010). The principal coordinate anal-
ysis (PCoA) based on Bray–Curtis distances was performed
using R (http://www.r-project.org/). The differences and
similarities among the communities were characterized using
a Venn diagram with unique and shared OTUs. Redundancy
analysis (RDA) was carried out using CANOCO forWindows
(Etten 2005) to examine the relationships among samples,
environmental variables, and frequencies of phyla.

Statistical analyses

Statistical analyses were performed using SPSS version 19.0
(SPSS Inc., Chicago, IL, USA). Parameters were analyzed by
one-way analysis of variance, and Tukey’s test was used for
multiple comparisons (P < 0.05).

Results

Soil chemical characteristics

The soil characteristics and HM contents are presented in
Table 1. The pH changed slightly from 7.58 to 8.52. There
were no obvious differences in organic matter (OM) contents
among different sampling sites. The high TN and NO3

−–N
contents at QJ1 and 2 were likely the result of fertilization.
The higher K content at KM and MY compared with HZ and
QJ was likely due to geography, revealed by the similar values
among samples in the same geographical region. The total Pb
concentrations ranged from 3.706 g/kg atMY2 to 36.586 g/kg
at HZ1. Similar results were found for Zn (3.168–31.082
g/kg). Both the available and total Zn and Pb concentra-
tions in the control samples (KM and QJ) were significantly
lower than those in soils in the mining area (HZ andMY). The
Pb and Zn concentrations of samples in the mining area
exceeded the Chinese national background values (29.8 and
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94.6 mg/kg, respectively, lithosol in Southwest China; Chen
et al. 1991). The control areas which surround the mining
areas were not polluted, which suggested that Pb and Zn con-
centrations in the control areas were less than or similar to the
background values. Compared to Pb and Zn, much lower Cu
and Mn concentrations were detected in mining area (1–4
times of the background values), while no Cu or Mn pollution
was found in control areas (Online Resource 1).

Richness and diversity indices

After filtration, 1,465,650 paired-end sequences were obtain-
ed from the 30 libraries using the 515F/806R primer sets.
These paired-end sequences were overlapped to obtain high-
quality tag sequences, the average length of which was
276 bp. The details of the tag sequences obtained from each
of the 30 samples are provided in Online Resource 2. All of
the rarefaction curves tended to reach saturation (Fig. 2), re-
vealing that the data volume of sequenced reads was sufficient
to detect the majority of sequence types. This rarefaction
curve indicated that the total number of OTUs varied greatly
among the different samples (Fig. 2).We found 7475 OTUs in
the bacterial communities of the four sample sites based on
97 % species identity; 2233 (30 %) of the OTUs were shared
among the four sample sites (Fig. 3). Fewer site-specific
OTUs were found in the samples from the mining area (304
for KM; 574 for MY) than from the control area (656 for HZ;
642 for QJ) (Fig. 3).

The bacterial richness and diversity were calculated based
on randomly selected sequences according to the minimum
sequence numbers across all samples (Table 2). We found
significantly different numbers of OTUs between the two
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different sampling regions (region 1: 2791 for HZ and 2981
for QJ on average; region 2: 2335 for KM and 2428 forMYon
average). However, no differences were detected between the
samples in mining and control areas. The richness indices,
Chao1 and ACE, showed that the KM and MY soils consis-
tently had the lowest number of bacterial OTUs, while the HZ
and QJ soils had the highest number, with significant differ-
ences between regions. No significant differences in richness
indices were detected between the mining and control sam-
ples. Similarly, the HZ and QJ soils had a significantly higher
Shannon diversity, except for HZ2. All samples had a high
Good’s query coverage (98 %).

The PCoA based on the OTU composition showed that the
samples within each site clustered tightly and differentiated the
sites (Fig. 4). That is, therewere similarities among samples from
the same sites and variations among samples from different sites.
A total of 41.6 and 25.4 % of the variations in the bacterial

communities could be explained by the first and second principal
components, respectively. The difference in community compo-
sition revealed by tightly clustering these samples was small
between MYand KM compared with other samples.

Taxonomy composition

The compositions of the bacterial communities from mining and
control samples were similar (Fig. 5). Although similar composi-
tions were observed, variations in the relative contents of phyla
were detected among these samples. The classified sample se-
quences were affiliated with 12 bacterial phyla. The sequences
that could not be classified into any known group were assigned
as unclassified bacteria (0.6–2.4 %) and others (0.3–1.4 %).
Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria, and

Fig. 3 Comparison of OTUs in the bacterial communities of soils. The
Venn diagram depicts OTUs that are shared or unique for different soil
samples

Table 2 Richness estimators and
diversity indices at a 97% identity
threshold

Sample OTU ACE Chao1 Shannon Coverage

HZ1 2765 ± 217 (ab) 3488 ± 160 (ab) 3516 ± 176(ab) 6.67 ± 0.12 (ab) 0.979

HZ2 2728 ± 144 (abc) 3545 ± 185 (a) 3589 ± 201(a) 6.40 ± 0.38 (abcd) 0.978

HZ3 2880 ± 55 (a) 3756 ± 70 (a) 3764 ± 107(a) 6.70 ± 0.05 (a) 0.977

QJ1 2985 ± 185 (a) 3782 ± 220 (a) 3840 ± 189 (a) 6.83 ± 0.10 (a) 0.977

QJ2 2917 ± 91 (a) 3694 ± 106 (a) 3737 ± 134 (a) 6.66 ± 0.07 (ab) 0.978

KM1 2265 ± 84 (d) 2980 ± 69 (c) 3009 ± 81 (c) 6.00 ± 0.15 (d) 0.981

KM2 2264 ± 123 (d) 2961 ± 165 (c) 2972 ± 188 (c) 6.08 ± 0.15 (d) 0.982

KM3 2476 ± 78 (bcd) 3135 ± 9 (bc) 3113 ± 32 (c) 6.23 ± 0.08 (bcd) 0.981

MY1 2389 ± 77 (cd) 3152 ± 65 (bc) 3196 ± 58 (bc) 6.17 ± 0.16 (cd) 0.980

MY2 2467 ± 66 (bcd) 3112 ± 35 (c) 3113 ± 5 (c) 6.56 ± 0.07 (abc) 0.982

Values are means followed by standard error. Different letters indicated statistically significant differences
(P < 0.05) according to the Tukey test

Fig. 4 Principal coordinate analysis (PCoA) of soil samples based on
Bray–Curtis distances of bacterial communities
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Bacteroidetes were the most abundant phyla in all samples.
However, more bacteria belonging to Proteobacteria,
Chloroflexi, and Acidobacteria were found in region 1 (40, 12,
and 9 % respectively) compared with region 2 (36, 8, and 5 %

respectively) while region 2 was more abundant in Acidobacteria
(37 %) than that of region 1 (20 %) (Fig. 5). The relative abun-
dances of these four main phyla were very similar between MY
andKM in region 2. BetweenHZ andQJ in region 1, variations in

Fig. 6 The relative abundances of the bacterial phyla and genera: the phyla (a) and genera (c) that varied significantly among samples frommining and
control areas and the phyla (b) and genera (d) that varied significantly among samples from different regions. Bars represent the standard errors

Fig. 5 The abundance
percentages of the bacterial phyla
for soil samples

Environ Sci Pollut Res (2017) 24:666–675 671



contents of Actinobacteria and Chloroflexi were detected, while
Proteobacteria and Acidobacteria showed similar relative abun-
dances (Fig. 5). Four phyla (Verrucomicrobia, Nitrospirae,
Firmicutes, and Saccharibacteria) were found at relative abun-
dances of <1 %. Abundances of Actinobacteria, Acidobacteria,
and Planctomycetes differed significantly among geographical re-
gions, while Verrucomicrobia abundance varied significantly be-
tween the mining and control samples (Fig. 6). At the genus level,
the classified sequences for each sample were affiliated with 102
bacterial genera (Online Resource 3). The most abundant genera
(Arthrobacter, Sphingomonas, Anaerolineaceae_uncultured,
Nitrosomonadaceae_uncultured, and Nocardioides) were found
in all samples with average abundances >2 %. Abundance differ-
ences in 20 genera were found between the two regions, while
only seven genera were common between the mining and control
areas (Fig. 6). Decreased abundances of Nocardioides, Gaiella,
Comamonadaceae_unclassified, Acidimicrobiaceae_uncultured,
Actinobacteria_norank, and Skermanella and increased abun-
dances of Bradyrhizobiumwere detected in mining samples com-
pared with the control samples (Fig. 6).

Relationship between bacterial community structure
and soil parameters

RDAwas used to assess a significant correlation between soil
chemical properties and bacterial community structure. The
first two RDA components explained 93.5 % of the total var-
iation (Fig. 7). The first component (RDA1) separated sam-
ples from different regions and explained 65.7 % of the vari-
ation. The soil K, NH4

+–N, total Cu, and available Zn and Cu

contents had a significant (P < 0.05) correlation between each
variable and the ordination scores and were the most impor-
tant along the RDA1 axes.

Regression analyses showed that the relative abundances
of Nocardioides, Gaiella, Comamonadaceae_unclassified,
Acidimicrobiaceae_uncultured, Actinobacteria_norank, and
Skermanellawere correlated negatively (Spearman’s rank cor-
relation, P < 0.05) with the available soil Zn/Pb content
(Table 3). The Verrucomicrobia and Bradyrhizobium abun-
dances had significant and positive correlations (Table 3).

Discussion

In soil ecosystems, soil provides the basic nutritional environ-
ment for microbial community development (Ulrich and
Becker 2006). Meanwhile, soil microorganisms play impor-
tant roles in nutrient cycling and energy flow in soil ecosys-
tems (Frische and Hoper 2003; Falkowski et al. 2008; Shen
et al. 2014), which are key regulators of soil organic matter
dynamics and nutrient availability (Chen et al. 2014). Thus,
soil type has been a known key determinant of microbial com-
munities for a long time (Bardgett et al. 1999; Chen et al.
2010). Any discrepancies in basic soil properties can effect
changes in microbial assemblages. Many microorganisms
are sensitive to harmful substances in soil, such as HMs,
which can lead to different bacterial community structures.

To elucidate the effects of soil properties and harmful sub-
stances on bacterial communities, we evaluated the evolution
of bacterial communities in different geographic regions under
the selective pressure of HMs. Significant differences in both
richness and diversity indices were found among communities
from different sampling regions, while communities in the
same sampling region showed no significant differences be-
tween the mine and control areas. These results indicated that

Table 3 Correlation of zinc and lead concentration with bacterial
phylum and species abundances

Spearman’s correlation coefficient
(ρ) and P value

Available Zn Available Pb

ρ P ρ P

Verrucomicrobia 0.685 0.029 0.718 0.019

Nocardioides −0.818 0.004 −0.804 0.005

Gaiella −0.624 0.054 −0.644 0.044

Comamonadaceae_ unclassified −0.733 0.016 −0.730 0.017

Bradyrhizobium 0.709 0.022 0.706 0.023

Acidimicrobiaceae_uncultured −0.697 0.025 −0.681 0.030

Actinobacteria_norank −0.709 0.022 −0.693 0.026

Skermanella −0.782 0.008 −0.841 0.002

Fig. 7 Redundancy analysis (RDA) of bacterial communities and soil
properties. Zn/Pb/Cu/Mn(a), available Zn/Pb/Cu/Mn; Zn/Pb/Cu/Mn(t),
total Zn/Pb/Cu/Mn; **P < 0.01; *P < 0.05
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the basic soil characteristics were the most important factors
determining diversity and species richness. Previous studies
have shown that despite high levels of Pb and Zn soil contam-
ination, the species diversity and richness of bacterial commu-
nities are similar to or only slightly lower than those found in
unpolluted soils (Will et al. 2010; Nacke et al. 2011).
Similarly, no clear impacts on bacterial diversity or abundance
have been identified for nickel (Li et al. 2015) or copper (Berg
et al. 2012) soil pollution. Chodak et al. (2013) showed that
the structure and diversity of soil microbial communities de-
pends mainly on soil pH, while the energy source and nutrient
availability were the most essential factors for microbial bio-
mass and basal respiration. Such results suggest that the effect
of high HM contents on soil microbial properties is weaker
than that on other soil properties.

Many soil properties have been shown to influence bacte-
rial communities, including pH and OM (Lorenz et al.
2006; Lauber et al. 2009; Hu et al. 2013; Landa et al. 2013,
2014). Soil pH has been reported to be a dominant determi-
nant factor (Lauber et al. 2009; Hu et al. 2013). OM, which
provides the carbon source for bacteria, is also considered
important (Landa et al. 2013, 2014). In our study, however,
pH and OM in all samples were similar. Rather, RDA showed
that soil K, NH4

+–N, and Cu contents were the most important
factors in our samples. K concentration has also been indicat-
ed as an important factor that affects bacterial composition
(Lanzén et al. 2013; Pereira et al. 2014). This may be because
bacteria can affect the solubility and availability of K and thus
affect the growth of plants and the selection of specific bacte-
ria associated with K (Miransari 2013). The effects of N on
rhizosphere bacterial communities have been demonstrated
(Doran 1980; Li et al. 2015). Similarly, Cu has also been de-
tected to be the important environment factors to influence the
bacterial communities (Chodak et al. 2013; Hong et al. 2015).

This study showed that available Zn contents were impor-
tant to discriminate samples at the phylum level, despite no
significant differences in bacterial community structure be-
tween mining and control samples. The phylum level may
be inadequate for assessing differences in soil bacterial com-
munities. The specific effects can be seen at lower taxonomic
levels (Gołębiewski et al. 2014), indicating that these data
may be critical to demonstrate the effect of HMs. Indeed,
different abundances of seven bacterial genera were detected
between samples from the mining and control areas.
Furthermore, all seven abundances were correlated signifi-
cantly with the available Zn and Pb contents in soil. These
results suggest that Zn and Pb altered the bacterial community
compositions in both mining areas, with less impact on the
bacterial abundance and diversity. Long-term copper (Berg
et al. 2012) and nickel (Li et al. 2015) exposure has been
shown to change bacterial community structures but not di-
versity. Other similar effects of HMs on bacterial communities
can be found in many other studies (Macdonald et al. 2011;

Singh et al. 2014), suggesting that taxonomic diversity is rel-
atively insensitive to HM stresses compared with bacterial
community composition. These results demonstrate not only
that soil bacteria are sensitive to HMs but also that other soil
properties may affect microorganisms to a greater extent.

Our results revealed that stress on bacteria exposed to HMs
in polluted soils induced shifts in bacterial community com-
positions. It also showed that bacterial groups responded dif-
ferently to HM pollution. For example, Verrucomicrobia were
more abundant in all mining samples than in all control sam-
ples, suggesting their potential in tolerance to Zn and Pb.
Verrucomicrobia have also been shown to be tolerant to mer-
cury (Vishnivetskaya et al. 2011). At the genus level,
Nocardioides, Gaiella, Comamonadaceae_unclassified,
Acidimicrobiaceae_uncultured, Actinobacteria_norank, and
Skermanella were sensitive to Zn and/or Pb contamination,
whereas Bradyrhizobium appeared potential tolerance.
Indeed, the tolerance of Bradyrhizobium to HMs such as nick-
el and zinc has been reported previously (Wani et al. 2007).
Additionally, Bradyrhizobium promotes plant growth in
nickel- and zinc-contaminated soils by reducing HM uptake
by plant organs, suggesting that it may be useful for
remediating nickel- and zinc-contaminated sites (Wani et al.
2007). However, the tolerance of Verrucomicrobia and
Bradyrhizobium to Zn and Pb should be verified by experi-
mental evidence in future.

In this study, we analyzed the difference of bacterial com-
munities from two aspects: (1) geographic distance (regions 1
and 2) and (2) HM pollution (mining and control areas). The
effect of geographic distance on bacterial communities might
result from the different soil types (brown soils for region 1,
red soils for region 2) with different soil properties, leading to
diverse bacterial communities. It has been proved that diverse
bacterial communities could develop similarly when coloniz-
ing the same habitat (Delmont et al. 2014). The HM pollution
could be another stress on bacteria exposed to HMs in polluted
soils, which may result in similar development of diverse bac-
terial communities. Our results showed the significant differ-
ences of bacterial communities in different regions, while bac-
terial communities were similar in mining and control sam-
ples. These results suggest that bacterial communities in dif-
ferent geographic regions can be separated first by soil paren-
tal materials and then by HMs, which means although soil
bacteria were sensitive to HM stresses, soil properties may
affect soil microorganisms to a greater extent.

Conclusion

Bacterial communities with and without HM stress in different
sampling regions were evaluated. The richness and diversity
of bacterial communities were similar between mining and
control samples within the same regions. Significant
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differences in richness and diversity were observed in samples
from different regions. However, we found that Zn and Pb
pollution significantly impacted soil bacterial community
composition. Our results suggest that bacterial communities
in different soils can be separated first by parental materials
and then by HMs. Furthermore, bacteria in the phylum
Verrucomicrobia and genus Bradyrhizobium were shown to
be Zn- and Pb-tolerant and may be useful for bioremediation
in HM-contaminated sites.
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