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A B S T R A C T   

Heavy metal pollution poses a serious hazard to the soil bacterial community. The purpose of this study is to 
understand the characteristics of soil heavy metal pollution in lead-zinc mines in karst areas and the response of 
Pb, Zn, Cd, and As-induced composite pollution to soil microorganisms. This paper selected soil samples from the 
lead-zinc mining area of Xiangrong Mining Co., Ltd., Puding County, Guizhou Province, China. The soil in the 
mining area is contaminated by multiple heavy metals such as Pb, Zn, Cd and As. The average levels of Pb, Zn, Cd 
and As in the Pb-Zn mining soil were 14.5, 7.8, 5.5 and 4.4 times higher than the soil background in this area, 
respectively. Bacterial community structures and functions were analyzed using 16 S rRNA high-throughput 
sequencing technology and the PICRUSt method. A total of 19 bacterial phyla, 34 classes and 76 orders were 
detected in the tested soil. At the phylum level, the Proteobacteria are the dominant flora of the soil in the tailings 
reservoir area of the lead-zinc mine, respectively GWK1 (49.64%), GWK2 (81.89%), GWK3 (95.16%); and for the 
surrounding farmland soil, the Proteobacteria, Actinobacteriota, Acidobacteriota, Chloroflexi and Firmicutes are the 
most abundant in five bacterial groups. RDA analyses revealed that the heavy metal pollution of the lead-zinc 
mining area has a significant impact on the diversity of soil microorganisms. As the distance from the mining 
area increased, the heavy metal comprehensive pollution and potential risk value decreased, and the bacterial 
diversity increased. Additionally, various types of heavy metals have different effects on bacterial communities, 
and soil heavy metal content will also change the bacterial community structure. Proteobacteria positively related 
to Pb, Cd, and Zn, therefore, Proteobacteria were highly resistant to heavy metals. PICRUSt analysis suggested 
that heavy metals significantly affect the metabolic function of microorganisms. Microorganisms might generate 
resistance and enable themselves to survive by increasing the transport of metal ions and excreting metal ions. 
These results can be used as a basis for the microbial remediation of heavy metal-contaminated farmland in 
mining areas.   

1. Introduction 

Karst topography is a special landscape that forms on carbonate 
rocks including limestone, dolomite, or marble (Tang et al., 2019). Karst 
ecosystems, overlain by carbonate rocks (such as limestone or dolomite), 
account for about 15% of the world’s land area (Chen et al., 2018). The 
karst region of southern China centered on Guizhou, amounts to 1.24 
million km2 and is the largest area of carbonate rocks and the strongest 
karst development among the three major continuous karst areas in the 
world (Song et al., 2022). Compared with that non-karst regions, karst 
ecosystems are extremely vulnerable due to the characteristics of a 

fragile rock-soil system and binary hydrological structure (Cheng et al., 
2021). Carbonate rocks are unable to produce much soil for their 
extremely slow soil formation rate. This has resulted in the soils of the 
southwest China karst area being shallow (Guan et al., 2021). In addi
tion, the carbonate rocks have developed broken karst surfaces through 
the long-term hydro-chemical process due to the highly soluble car
bonate rocks, strong vertical and horizontal flow exchange of ground
water and surface water, and the steep landforms of southwest China 
(Bai et al., 2019; Guan et al., 2021). This makes karst ecosystems 
uniquely diverse in ecological and chemical properties, with relatively 
high soil pH (neutral or weakly alkaline soil), abundant organic matter, 
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Ca and Mg content (Li et al., 2017b; Li et al., 2017a; Chen et al., 2018). 
Additionally, more than half of China’s metal mines and deposits are 

located in developed karst areas of South China (Qin et al., 2021). 
Studies have shown that soil heavy metal pollution in karst areas is 
characterized by multiple heavy metal complex pollution, with strong 
mobility, high potential ecological risks, and challenging governance 
(Wang et al., 2021b; Wang et al., 2021a). There are many types of heavy 
metal pollution elements. Most mines contain Cd, Pb, Zn, Hg, As, Cu and 
Ni, etc., and complex pollution occurs through complex chemical in
teractions between them. The most conspicuous regional geochemical 
anomaly element was Cd, with the largest excess area. The average 
content of cadmium in the soil parent material layer of Guizhou Prov
ince (1.24 mg⋅kg-1) was much higher than the national average level 
(0.084 mg⋅kg-1) (Zhang and Wang, 2020), which may be linked to the 
unique geochemistry of the regional soil formation process (Lu et al., 
2018). Significant levels of heavy metal accumulation can change the 
soil composition, mineral recycling, and associated metabolic activities, 
and exert selective pressure on soil microbiota, leading to morphological 
and physiological changes in microbial population structures (Tseng 
et al., 2021). 

As an important component of the soil ecosystem, soil microbes are 
widely involved in the energy flow and material cycle in ecosystems, and 
it is the primary driving force of geochemical cycles. Bacteria are the 
most abundant microbial group (Cui et al., 2018). They not only regulate 
the decomposition of soil animal and plant residues, soil organic matter 
and other harmful compounds, biochemical cycles, and the formation of 
soil structure. It is more sensitive to external disturbances and can 
predict the change process of soil environmental quality earlier (Luo 
et al., 2019). Increasingly, research has recently focused on soil bacteria 
inhabiting karst areas. Knáb et al. (2018) examined diversity in two 
distinct Hungarian karst areas and found that the difference in the 
composition of soil bacterial communities was related to geographic 
locations and soil types. Cheng et al. (2021) proved that the edaphic 
properties, weathering indices, such as Si concentration and the ratios of 
Ca/Al and Mg/Al significantly shaped bacterial communities in the karst 
area. Song et al. (2022) explored the effects of different restoration of 
cultivated pastures on soil properties and soil bacterial communities in 
karst ecosystems of southwest China. Li et al. (2021b); Li et al. (2021a) 
suggested that plant richness was the key factor determining soil bac
teria community and soil microbial network complexity and stability. 
Xiao et al. (2022) found that diazotroph diversity and community 
composition significantly shifted in mature forests between karst and 
non-karst soils, with a higher diazotroph richness and Shannon index in 
karst mature forests than in non-karst soils. Previous studies report soil 
physicochemical properties (pH, soil organic matter (SOM), available 
potassium (AK), moisture content (MC), etc.) and heavy metals signifi
cantly affected the microbial community (Zhao et al., 2019; Deng et al., 
2018; Risueño et al., 2020). Among them, heavy metals are essential 
factors affecting the abundance and structural diversity of microbial 
communities (Zhao et al., 2019). Li et al. (2017b); Li et al. (2017a) found 
that microbial community composition was significantly affected by 
long-term multiple heavy metal compound pollution, and multiple 
heavy metal elements were correlated with microbial community 
structure, including Cd, Ti, V, Cr, Co, Zn, As, Rb, Sr, Zr, Pb and Bi. Heavy 
metals differed in how they disturbed the microbial communities: As 
and Pb shifted the community composition and decreased microbial 
diversity; Cu reduced bacterial abundance in soil; Cd and Cr lowered the 
metabolic capabilities of bacteria (Shen et al., 2018). Li et al. (2020) 
found that elements Cr, Pb, and Zn showed uniformly negative associ
ations with the relative abundance of bacteria Nitrospirae (including 
class Nitrospira and order Nitrospirales), Bacteroidetes (including class 
Bucteroidiu), and Verracomicrobia; Moreover, heavy metals affected 
predicted functions of microbial communities, including metabolic 
functions, genetic information processes, and functions related to the 
carbon cycle and the nitrogen cycle. In Xu’s study (Xu et al., 2019), their 
results also supported that heavy metals led to the alteration of soil 

microbial community compositions and their activities, which conse
quently harmed soil microbial carbon. Although heavy metals could 
decrease the taxonomic species of microbes in the soil, their selection 
pressure can stimulate the growth of tolerant microbes, leading to 
changes in microbial community diversity (Feng et al., 2018; Liu et al., 
2020). Under heavy metal pollution conditions, bacterial phyla such as 
Proteobacteria and Bacteroidetes have a strong tolerance to heavy metals 
(Lin et al., 2019; Yan et al., 2020a). However, there is less research that 
has been done on the changes in microbial community structure under 
heavy metal stress in karst mining areas, particularly, the mechanisms 
by which soil microbial communities in karst mines are resistant to 
heavy metals. In summary, karst soils are neutral-weakly alkaline soils, 
which naturally have a stronger sorption capacity for heavy metals such 
as Cd, Pb and Zn (except As), and accordingly have a buffer effect by 
reducing the risk of toxicity to crops. For then, karst soils are mostly 
non-zonal soils, and the microbial diversity or dominant populations are 
thought to differ from those of zonal soils, but the exact differences are 
not yet explicit. We hypothesize that the difference stems from the 
buffering effect of karst soils on heavy metals, which likewise reduces 
toxicity to the microbial community and heavy metal content caused 
changes in the composition of the microbial community. Therefore, 
exploring the response of bacterial communities and functions to heavy 
metal complex pollution in the soil in karst areas is of critical signifi
cance for guiding the safe use of soil in this area. 

To this end, soil samples from the lead-zinc mining area of Xiangrong 
Mining Co., Ltd., Puding County, Guizhou Province, one of the largest 
heavy metal mining areas in the representative karst area were collected 
and subjected to high-throughput sequencing of the 16 S rRNA gene. The 
main purposes of the study were as follows: (1) to characterize the 
distribution characteristics of heavy metal contaminated in different 
types of pollution in mining areas; (2) to provide new insights into the 
abundance and diversity of soil microbial communities around mining 
areas; (3) to explore the relationship between the types and concentra
tions of heavy metals and bacterial diversity. This research will provide 
a new reference for the subsequent use of microorganisms to study 
heavy metal pollution in mining areas, and supply theoretical guidance 
for environmental remediation of soil pollution in mining areas. 

2. Materials and methods 

2.1. Study area 

The karst region in southern China, centered on the Guizhou Plateau, 
is one of the largest karst areas in the world. It is also the most typical 
and complex karst area (Chen et al., 2021). For the active biological and 
chemical processes of the CO2-H2O-CaCO3 system, the karst region is a 
normal ecologically vulnerable area constrained by the geological 
environment (Huang et al., 2013). The Pb-Zn mine is located in the 
emblematic karst area of Puding Country, Anshun City, Guizhou Prov
ince in southern China, with an east longitude of 105◦ 27’ 49"− 105◦ 58’ 
51" and north latitude of 26◦ 26’ 36"− 26◦ 31’ 42". Puding County is a 
typical subtropical monsoon humid climate zone, with an average 
annual temperature of 15.1 ◦C and a mean annual precipitation of 
1378.2 mm (Zhang et al., 2019). The terrain is high in the south and 
north, and low in the middle. The karst landform is very typical, and the 
rocky desertification is serious (Wang et al., 2020). Moreover, mineral 
resources and biological resources are rich in variety and widely 
distributed. The study area is placed in Xiangrong Mining Co., Jichangpo 
township, Puding County. It is a dressing plant with a daily processing 
capacity of 4200 tons, covering an area of 3.36 km2, which has a high 
content of heavy metals and great resource potential. 

2.2. Sample collection and heavy metal analysis 

The soil samples were collected from the mining area of Xiangrong 
Mining Co., LTD., Puding County, Guizhou Province. Sampling locations 
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are illustrated in Fig. 1, including the area near the tailings reservoir 
(labeled GWK) and the soil of nearby farmland (labeled GWT), where 
the major crop is corn. Fig. 1 shows the layout of the sampling sites well: 
the sampling sites in the north are close to the tailings pond (GWT1–3), 
mainly due to dust pollution; the GWT7, GWT8, GWT9, and GWT14 in 
the east are far away from the tailings pond (Among them, GWT14 is the 
south side of the ditch, which is to confirm that the groundwater 
pollution cannot cross this ditch; it can also be used as the geological 
background value of the region); the southern GWT10–19, may be 
contaminated by groundwater. Each soil sample was a mixture of five 
surface soil samples (5–20 cm depth), homogenized sub-samples 
collected at the four corners and the center of an area of 1 m × 1 m. 
All the collected soil samples were packed in special sterile sealed clean 
bags. They were stored at low temperatures until they were sent back to 
the laboratory. The samples were divided into two groups. The first of 
the soil samples was air-dried and stored for heavy metal analysis. The 
other soil samples were stored at − 80 ◦C for DNA extraction and high- 
throughput microbial sequencing. 

Using an inductively coupled plasma mass spectrometer (ICP-MS) 
(NexION 300D, PE, USA), soil concentrations of Pb, Zn, Cd and As were 
determined after extracting with HCl-HNO3-HClO4-HF extraction using 
a method by (Alsabhan et al., 2021). 

2.3. Heavy metal pollution evaluation 

The soil pollution status of the tailings reservoir and the nearby 
farmland in the Pb-Zn mining area is evaluated with the single pollution 
index (PI) method and the Nemerow comprehensive pollution index 
(PN) (Wang et al., 2021b; Wang et al., 2021a), which are computed using 
the following formulas: 

PI =
Ci

s

Ci
n

(1)  

PN =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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2
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2

2

√

(2)  

Where PI is the single factor pollution index of heavy metal pollutant i; 

Ci
s is the measured concentration of the pollutant, mg⋅kg− 1; Ci

n is the 
evaluation standard of pollutant, mg⋅kg− 1. PN is multifactor of the 
pollutant i at the sampling point; Pave is the average pollution index of 
pollutants in the soil; Pmax is the single pollution maximum index of 
pollutants in the soil. 

The single pollution index and the Nemerow comprehensive pollu
tion index evaluation criteria are shown in Table S1. 

2.4. DNA extraction, PCR amplification, and Illumina MiSeq sequencing 

Microbial DNA was extracted from soil samples using the E.Z.N.A.® 
soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.) according to the 
manufacturer’s protocols. The final DNA concentration and purification 
were determined by NanoDrop 2000 UV–vis spectrophotometer 
(Thermo Scientific, Wilmington, USA), and DNA quality was checked by 
1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the 
bacteria 16 S rRNA gene were amplified with primers 338 F (5′- 
ACTCCTACGGGAGGCAGCAG-3′) by thermocycler PCR system 
(GeneAmp 9700, ABI, USA). The PCR reactions were conducted using 
the following program: 3 min of denaturation at 95 ◦C, 27 cycles of 30 s 
at 95 ◦C, 30 s for annealing at 55 ◦C, and 45 s for elongation at 72 ◦C, 
and a final extension at 72 ◦C for 10 min. PCR reactions were performed 
in a triplicate 20.0 μL mixture containing 4.0 μL of 5 ×FastPfu Buffer, 
2.0 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5.0 μM), 0.4 μL of 
FastPfu Polymerase and 10.0 ng of template DNA. The resulting PCR 
products were extracted from a 2% agarose gel and further purified 
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union 
City, CA, USA) and quantified using QuantiFluor™-ST (Promega, USA) 
according to the manufacturer’s protocol. Purified amplicons were 
pooled in equimolar and paired-end sequenced (2 ×300) on an Illumina 
MiSeq platform (Illumina, San Diego, USA) according to the standard 
protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China). 

2.5. Processing of sequencing data 

Raw fastq files were quality-filtered by Trimmomatic and merged by 
FLASH with the following criteria: (a) The reads were truncated at any 

Fig. 1. Sampling locations of the study area.  
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site receiving an average quality score < 20 over a 50 bp sliding win
dow. (b) Sequences whose overlap was longer than10 bp were merged 
according to their overlap with a mismatch of no more than 2 bp. (c) 
Sequences of each sample were separated according to barcodes (exactly 
matching)and Primers (allowing 2 nucleotide mismatching), and reads 
containing ambiguous bases were removed. Operational taxonomic 
units (OTUs) were clustered with a 97% similarity cutoff using UPARSE 
(version7.1 http://drive5.com/uparse/) with a novel ‘greedy’ algorithm 
that performs chimera filtering and OTU clustering simultaneously. The 
taxonomy of each 16 S rRNA gene sequence was analyzed by the RDP 
Classifier algorithm (http://rdp.cme.msu.edu/) against the Silva 
(SSU123) 16 S rRNA database using a confidence threshold of 70%. 

3. Results and discussion 

3.1. Characteristics of heavy metal in soil 

Table 1 and Table 2 summarize the basic statistics related to the 
heavy metal concentrations in soil samples collected from the Pb-Zn 
mining zone. Multiple heavy metals contaminate the soil in the min
ing area such as Pb, Zn, Cd and As. The average levels of Pb, Zn, Cd and 
As in the soil of the Pb-Zn mine exceeded the background soil levels in 
Guizhou Province (Pb: 35.20 mg⋅kg− 1, Zn: 99.50 mg⋅kg− 1, Cd: 
0.66 mg⋅kg− 1, As: 20.00 mg⋅kg− 1) (Zhou et al., 2021) and China Agri
cultural Land Soil Pollution Risk Control Standard (GB 15618–2018). 
The data illuminated that agricultural soils in the Pb-Zn mining area 
have suffered from different degrees of heavy metal contamination. All 
metal concentrations varied significantly between the samples. The 
highest concentration of Pb, Zn, Cd and As recorded in the sample was 
1476.00, 5036.00, 7.53 and 225.00 mg⋅kg− 1, while the lowest concen
tration was only 24.80, 155.00, 0.38 and 12.90 mg⋅kg− 1, respectively. 
The average levels of Pb, Zn, Cd and As in the Pb-Zn mining soil were 
14.5, 7.8, 5.5 and 4.4 times higher than the soil background in this area, 
respectively. Additionally, the tailings reservoir area (GWK1–3) and the 
surrounding farmland soil (GWT1–3) that are closer to the tailings 
reservoir generally have higher heavy metal content. As the distance 
from the tailings reservoir increases, the concentration of heavy metals 
generally decreases. It should be noted that the concentrations of Pb 
(359.5 mg⋅kg− 1), Zn (1214 mg⋅kg− 1), Cd (2.08 mg⋅kg− 1) and As 
(57.03 mg⋅kg− 1) in the soil of this study were higher than those in other 
lead-zinc mining areas. According to previous studies, the concentra
tions of Pb, Zn, Cd and As in a lead-zinc mine in southeastern China were 
157.17 mg⋅kg− 1, 90.89 mg⋅kg− 1, 0.8 mg⋅kg− 1 and 18.24 mg⋅kg− 1, 

respectively (Huang et al., 2018). The concentrations of Pb, Zn, Cd and 
As in the soil of the Dexing lead-zinc mine in China were 58.4 mg⋅kg− 1, 
128.9 mg⋅kg− 1, 1.5 mg⋅kg− 1 and 45.3 mg⋅kg− 1, respectively (Hu et al., 
2019). The concentrations of Pb, Zn, Cd and As in the soil of a lead-zinc 
mining area in Nigeria were 18.49 mg⋅kg− 1, 48.07 mg⋅kg− 1, 
1.56 mg⋅kg− 1 and 11.19 mg⋅kg− 1, respectively (Obasi and Akudinobi, 
2019). High levels of heavy metal content aggravate the negative impact 
on the nearby environment and organisms exposed to the soil of the 
mining area. Therefore, there is an urgent need to explore a sustainable 
solution to reduce the impact of heavy metals and restore the balance of 
the ecosystem in the region. 

According to the coefficient of variation of various heavy metals, Cd 
is a medium variation, and the coefficients of variation of Pb, Zn and As 
are all > 90%, which is a high degree of variation. It indicates that the 
distribution of heavy metals Pb, Zn and As in the soil is quite different 
and the content is uneven and the human activities in mining areas have 
a significant impact on the content and distribution of heavy metals. 

3.2. Pollution index evaluation of heavy metal content in the soil 

Table S2 presents the single pollution index (PI) method and the 
Nemerow comprehensive pollution index (PN). The pollution degree of 
different heavy metals at various sampling points is diverse. The average 
values of the single-factor pollution average index, from highest to 
lowest, are Cd, Zn, Pb, As. It can be observed that the soil in the Pb-Zn 
mining area is seriously polluted by Cd and should be protected and 
repaired. The pollution of Pb and Zn is relatively severe, and the 
contamination of As is relatively light, but it cannot be ignored. Zhang 
et al. (2022) conducted a large-scale investigation on the content of 
cadmium (Cd) in farmland soils in Guizhou Province. Combined with 
the distribution of metal mines, they found that the Cd hotspots were 
mainly located around the mining areas, especially around the lead-zinc 
mines. 

The comprehensive pollution index PN of the soil in the mining area 
is from 1.00 to 20.77. Of these, soil samples with moderate and severe 
pollution represented 33.3% and 61.9% of the total number of samples, 
respectively. Furthermore, the closer the tailings reservoir is, the greater 
the enrichment of heavy metals in the soil and the greater the degree of 
soil pollution. It also shows that the development of lead-zinc mines has 
worsened soil pollution near the mining area. The soil throughout the 
study area was severely polluted and crops on surrounding agricultural 
land were also damaged. It should be taken seriously and effective action 
should be taken immediately to monitor it. 

3.3. Sequence data and bacterial taxonomic richness 

The dilution curve is randomly selects a certain number of in
dividuals from the sample, counts the number of species represented by 
these individuals, and constructs the curve based on the number of in
dividuals and species. It can be used to compare the abundance of spe
cies in samples with different amounts of sequencing data, and it can 
also be used to show whether the amount of sequencing data of a sample 
is reasonable. The method of random sampling of sequences is used to 
construct a dilution curve based on the number of sequences drawn and 
the number of taxonomic levels that they can represent. When the curve 
tends to be flat, it indicates that the amount of sequencing data is 
reasonable, and more data will be only a small number of new species 
(or OTUs) produced. On the contrary, it indicates that more new species 
may be produced by continuing in sequence. Therefore, by drawing the 
dilution curve, the sequencing depth of the sample can be obtained. The 
dilution curve of bacteria in the soil of the lead-zinc mining area is given 
in Fig. S1. The curve tends to be flat, indicating that the amount of 
sequencing data is reasonable and that the depth of sequencing has a 
relatively minor impact on species diversity. 

Diversity index analysis provides information on the abundance, 
coverage and diversity of species in the community. The Alpha diversity 

Table 1 
Soil heavy metal contents in lead-zinc mining area (mg⋅kg− 1).  

Soil type Sample number Pb Zn Cd As 

surrounding farmland soil GWT1  187  982  1.38  218 
GWT2  663  2028  3.75  225 
GWT3  1476  5036  7.53  103 
GWT4  307  1547  2.66  79.1 
GWT5  271  1248  1.82  95 
GWT6  510  1058  1.01  78.8 
GWT7  141  635  1.20  15.8 
GWT8  154  592  1.01  16.4 
GWT9  105  411  1.00  26.4 
GWT10  446  1826  3.54  28 
GWT11  115  200  0.87  25.6 
GWT12  154  677  1.84  31.1 
GWT13  149  708  1.81  21.2 
GWT14  24.8  155  0.38  12.9 
GWT15  76  352  1.16  14.4 
GWT17  156  324  0.97  17.9 
GWT18  35.1  257  0.82  20.7 
GWT19  49.7  372  0.91  21.8 

tailings soil GWK1  1090  2542  3.57  48.8 
GWK2  663  2159  2.79  51.5 
GWK3  777  2403  3.63  46.3  
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index of the bacterial community in the tested soil is shown in Table S3. 
The coverage of the sample reached 97.74%− 99.47%, indicating that 
the sequencing results can better reflect the characteristics of microbial 
community diversity. Soil heavy metal pollution has a crucial impact on 
the abundance and diversity of microorganisms. The higher the pollu
tion degree, the lower the abundance and diversity of microorganisms. 
From Table S3, it can be seen that the tailings reservoir area (GWK2, 
GWK3) has the most serious pollution. The Simpson index is the largest, 
the Shannon index is the smallest, and the diversity is the lowest; the 
ACE and Chao indexes that characterize species richness are relatively 
the lowest, indicating that the number of species in the sample is rela
tively small; on the contrary, the sampling points with relatively light 
pollution (such as GWT14, GWT15, GWT17). The Simpson index is 
relatively small, the Shannon index is relatively large, and the diversity 
is the highest; the ACE and Chao indexes are relatively high, indicating 
that there are more species in this sample. 

3.4. Bacterial community diversity and composition 

Fig. 2a illustrates the composition of the bacterial community in the 
soil tested with regard to phylum. At the phylum level, a total of 19 
bacterial phyla were detected in the test soil. The most abundant bac
terial group in the tailings pond area with serious heavy metal pollution 
(GWK1, GWK2, GWK3) is the Proteobacteria, which are respectively 

GWK1 (49.64%), GWK2 (81.89%), GWK3 (95.16%). It can be seen that 
the Proteobacteria are the dominant flora of the soil in the tailings 
reservoir area of the lead-zinc mine; and for the surrounding farmland 
soil, the Proteobacteria, Actinobacteriota, Acidobacteriota, Chloroflexi and 
Firmicutes are the most abundant in five bacterial groups, while Planc
tomycetota, Nitrospirota, Verrucomicrobiota and Cyanobacteria and other 
relative abundance is low, not more than 2%. Differences exist in the 
distribution of microbial communities in soils with various types of 
pollution. Previous studies show that the dominant floras are the normal 
phyla in soil: When Wu et al. (2018) studied the soil microbial compo
sition of the Kangjiawan lead-zinc tailings in Hunan Province, they 
found that Firmicutes, Proteobacteria, and Actinobacteriotaare the domi
nant bacterial groups in the soil in this area. Hur and Park (2019) 
researched the soils of mines in the three regions of Hwaseong, Daegu, 
and Bonghua in South Korea. They investigated the distribution of mi
croorganisms and found that at the phylum level, the Proteobacteria and 
Acidobacteriota, Actinobacteriota, Chloroflexi, Bacteroides, etc. are the 
dominant flora, and Proteobacteria accounted for the highest proportion. 
Vishnivetskaya et al. (2018) found that Proteobacteria, Actinobacteria, 
Chloroflexi, and Acidobacteria were dominant in the soil of 
mercury-contaminated rice fields in Guizhou. These dominant phyla 
also exist in the soil of other mining areas contaminated by metals, such 
as manganese mines (Xiang et al., 2020), antimony mines (Wang et al., 
2018) and gold mines (Sonthiphand et al., 2021), indicating that these 

Table 2 
Statistical characteristic values of soil heavy metal content in lead-zinc mining areas.  

elements Minimum maximum mean standard deviation Coefficient of Variation GB15618-2018 

Pb  24.80  1476.00  359.50  383.75  1.07  120.00 
Zn  155.00  5036.00  1214.86  1164.61  0.96  250.00 
Cd  0.38  7.53  2.08  1.65  0.79  0.30 
As  12.90  225.00  57.03  61.15  1.07  30.00 

Note: The national standard GB15618–2018 (China Agricultural Land Soil Pollution Risk Control Standard). 

Fig. 2. Bacterial composition and abundance for each pollution level at phylum (a), class (b) and order levels(c).  
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gates may be closely related to metal-contaminated soil. However, there 
were differences in relative abundance, with each level having its unique 
bacterial populations. Overall, the results of this study are similar to the 

results reported above but slightly different, indicating that although the 
regions are different, the microbial community composition of heavy 
metal contaminated soils in lead-zinc mining areas is similar, but the 

Fig. 2. (continued). 
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bacterial distribution of different soil types responds differently to heavy 
metal pollution. In addition, in the dominant species (Proteobacteria) of 
the GWK1-K2-K3 microflora (phylum level), there is a gradient of 
changes. However, from a heavy metal content standpoint, the rela
tionship between the change in heavy metal content and microorgan
isms is invisible. Judging from our actual investigation, the stacking 
time of K1-K2-K3 is getting shorter and shorter. Time may be a very 
important factor. Time offered the possibility of microflora reconstruc
tion and self-repair. 

Proteobacteria, one of the most abundant phyla in the soils investi
gated. The main function of Proteobacteria is to decompose organic 
matter and promote plant growth. Most of the bacteria in Proteobacteria 
are oligotrophic bacteria, which have the ability to absorb nutrients 
from the atmosphere and can use carbon and nitrogen sources in the 
atmosphere to maintain normal growth. The phylum Proteobacteria was 
found to be abundant in many high heavy metal content environments, 
such as sediments (Zhang et al., 2018), groundwater (Zou et al., 2021) 
and heavy metal polluted soils (Tseng et al., 2021). Proteobacteria were 
also shown to be the predominant phylum in antimony (Sb) tailings piles 
in Guizhou Province, southwest China, accounting for 60.5% of the total 
effective sequences (24.3–83.8% per sample) (Xiao et al., 2016). In the 
present study, within the Proteobacteria, Gammaproteobacteria were the 
most abundant class in all samples, followed by Alphaproteobacteria in 
the tailings pond area (Fig. 2b). For the surrounding farming soil, 
Alphaproteobacteria generally have a higher abundance. This result is 
consistent with Radeva et al. (2013), who also found that the abundance 
of Alphaproteobacteria in contaminated soil was lower than that of 
Gammaproteobacteria. The dominance of Gammaproteobacteria may be 
due to the capacity of some of its members to form biofilms on stone 
surfaces, providing potential resistance of bacterial colonies to the toxic 
effects of heavy metal (Radeva et al., 2013). 

At the order level, 76 orders were identified in the soils. The bacterial 
community structures showed significant differences among the soils 
(Fig. 2c). Changes in dominant communities may indicate differences in 
soil function in the area. In the tailings pond area, the most dominant 
order was Burkholderiales, which are 21.64% (GWK1), 66.17% (GWK2), 
92.34% (GWK3), respectively. For the surrounding farmland soil, Vici
namibacterales and Rhizobiales are the most abundant. Burkholderiales 
belong to Proteobacteria, which are capable of degrading diverse organic 
carbons including starch, cellulose, gelatin, chitin, and humic acids (Guo 
et al., 2015). Rhizobiales were reported to degrade diverse organic 
matter and are typical symbiotic rhizobia, some bacteria in the order 
Rhizobia have nitrogen fixation function (Guo et al., 2015). Notable, 
Micromonosporales and Bacillales were only detected in farmland soils. 
Micromonosporales belong to Actinobacteriota. Because of its particular 
morphology and cellular structure and ability to produce hyphae and 
spores. Actinobacteriota sporogenes decompose organic matter to pro
duce a large number of hydrolases and secondary metabolites, which not 
only have essential functions such as improving soil structure and pro
moting material circulation but also have a more significant impact on 
soil fertility and activity (Tian and Zhang, 2017). Bacillales belong to 
Firmicutes, many Firmicutes can produce spores, which are resistant to 
dehydration and extreme environments and are reported to have 
antagonistic activity against soilborne pathogenic fungi (Li et al., 2014). 
That may be one of the major reasons for the difference in soil function 
between the tailings and the surrounding agricultural land. We also 
found similarities at the phylum and class levels in the same type of soil 
samples, possibly underlying differences at the order level, such as 
GWT10 had a very little abundance of Burkholderiales and Vicinami
bacterales compared to other farmland soil samples whereas the abun
dance of Frankiales and Ktedonobacterales higher. Frankiales belong to 
Actinomycetes that can symbiotically nodulate and fix nitrogen with 
non-leguminous woody plants. It has extremely high nitrogen-fixing 
efficiency, can promote the growth of plant roots, improve the absorp
tion of mineral elements by plants, and enhance the adaptation of plants 
to drought and cold conditions (Ghodhbane-Gtari et al., 2013). Besides, 

the abundance of Acidobacteriales in GWT10 was higher than that in 
other farmland soil samples. The function of Acidobacteriales is less 
studied, but it plays an important role in the ecosystem, helping to 
convert the organic matter in the humus into nutrients in the soil, 
actively interacting with plants, and playing the role of bacteria that 
promote plant growth, and Produces exopolysaccharides, supports 
bacterial adhesion to root surfaces, etc (Kielak et al., 2016). Sphingo
monadales are prevalent in various soil samples except for GWK3, which 
may be related to the characteristics of Sphingomonadales. Some bacteria 
in Sphingomonadales can improve the cold tolerance, heat tolerance and 
drought tolerance of plants due to their ability to produce heat shock 
proteins. Some bacteria in Sphingomonadales can also participate in iron 
metabolism and a small amount of potassium and sulfur metabolism, 
affecting the physiological metabolism of plants and enhancing plant 
disease resistance and insect resistance (Patel et al., 2004). 

The Heatmap chart uses color gradients to characterize the size of the 
data in a two-dimensional matrix or table and presents community 
species composition information. The abscissa is the sample names, and 
the ordinate is the species names. The similarity and difference in the 
community composition of different samples at each classification level 
are reflected by the color change and similarity. The right side of the 
figure is the value represented by the color gradient, as shown in Fig. 3. 

It is found from Fig. 3 that the dominant bacterial phyla of tailings 
ponds (GWK1, GWK2, GWK3) and surrounding farmland (GWT1~19) 
are quite different, and they rarely cross. Compared with tailings ponds, 
surrounding farmland soil samples have advantages. There are more 
bacteria phyla, including Proteobacteria, Chloroflexi, Actinobacteriota, 
Acidobacteriota, etc., a total of 9 bacteria. Bacteria adapt to high heavy 
metal pollution by changing their community abundance and structure 
(Deng et al., 2015; Li et al., 2020). It can be seen from the species 
similarity (horizontal clustering) of each sample point that the soil 
samples in the heavily polluted tailings ponds (GWK2, GWK3) are the 
most different from other samples, and they are clustered separately, 
indicating that the soil is polluted by heavy metals. Later, the difference 
in the distribution of bacterial communities in the soil increased. The 
pollution of GWK2 and GWK3 samples was the most serious, and the 
dominant bacteria phyla were also the least. Sampling sites with less 
pollution have more dominant bacteria phyla, the bacterial population 
is relatively evenly distributed, and the bacterial community is more 
stable. 

3.5. Influence of heavy metal pollution on bacterial communities 
distribution and ecological function 

Redundant analysis (RDA) was performed on the different heavy 
metal content (Pb, Zn, Cd, As) of the tested soil and the relative abun
dance at the bacterial phylum level, and the results are shown in Fig. 4. 
The results of RDA further demonstrated that the heavy metals Pb, Zn, 
Cd and As played an important role in the establishment of the bacterial 
community. It is found that different types of heavy metals also have 
different effects on bacterial communities: Pb, Cd, and Zn are positively 
correlated with Proteobacteria, and with Actinobacteriota, Acid
obacteriota, and Chloroflexi and other microbial groups are negatively 
correlated; while As is positively correlated with Acidobacteriota and 
Chloroflexi, and negatively correlated with Firmicutes and Proteobacteria. 
Proteobacteria had significant tolerance to Zn, Pb, and Cd, a result similar 
to that found by Zhao et al. (2020). Acidobacteriota and Chloroflexi had 
significant tolerance to As. In addition, soil’s heavy metal content will 
also change the structure of the bacterial community. There is a negative 
correlation between Myxococcota and heavy metal content, indicating 
that this microbial group is more sensitive to heavy metal pollution and 
has poor resistance to heavy metals. The content of heavy metals is 
positively correlated, indicating that Proteobacteria can survive well in 
heavily polluted soil. It has also been found in previous studies that 
Proteobacteria is also a dominant phylum in many mine soils and Pro
teobacteria species are highly resistant to some heavy metals (Liu et al., 
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2021; Yan et al., 2020b). The dominant bacteria found in the polluted 
mine soil may be due to their possessing tolerant gene groups, which are 
less sensitive to these heavy metals and related to the extensive 

degradation metabolic properties of Proteobacteria and its ability to 
inhabit a wide range of habitats. Therefore, Proteobacteria may live in 
extreme environments and are considered capable of repairing 

Fig. 3. Community Heatmap analysis on phylum level.  

Fig. 4. Redundancy analysis (RDA) of soil heavy metals and bacterial communities.  
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broad-spectrum heavy metal pollution (Singh et al., 2014; Zhao et al., 
2019). 

The method of PICRUSt was used to predict the potential functions of 
microbial communities in soil (Fig. 5). It can be seen that in soils 
contaminated by heavy metals, the functions of the top 5 genes with the 
largest proportions are RNA processing and modification, Amino acid 
transport and metabolism, General function prediction only, Function 
unknown and Signal transduction mechanisms. Soils contaminated by 
heavy metals have reduced microbial carbohydrate transport and 
metabolism and cell motility; On the contrary, the ability of microor
ganisms to transport and metabolize inorganic ions has enhanced, and 
intracellular trafficking, secretion, vesicular transport and energy pro
duction and conversion have also been up-regulated. It is further indi
cated that microorganisms might generate resistance and enable 
themselves to survive by increasing the transport of metal ions and 
excreting metal ions (Li et al., 2020). Specifically, heavy metal resis
tance in bacteria involves four mechanisms: (i) Extracellular seques
tration, where the cell wall of microorganisms is a very important 
defense system against the toxicity of heavy metals. There are numerous 
cationic and anionic functional groups on the cell wall, such as hydroxyl, 
amine, carboxyl and phosphate groups. Generally speaking, heavy metal 
ions can be adsorbed on the polysaccharide slime layers of bacteria via 
functional groups, which could avoid heavy metal ions from entrancing 
into the intracellular environment by extracellular metal sequestration 
(Martins et al., 2008; Yin et al., 2019). (ii) Intracellular sequestration. 
Once heavy metal ions have crossed the cell wall and entered the mi
croorganisms, intracellular traps within the cytoplasm can sequestrate 
these heavy metal ions and prevent them from reaching toxic levels. 
Thus, sensitive cellular components can be protected from exposure to 
heavy metal ions. Many microorganisms can transform heavy metal ions 
with the help of sulfides, cytosolic polyphosphates and cysteine-rich 
proteins (Yin et al., 2019; Prabhakaran et al., 2016). (iii) Transporting 
heavy metal ions away from the intracellular environment is another 
process to defend against heavy metal stress, which can efficiently 
regulate intracellular concentrations of heavy metal ions with efflux 

systems (Silver, 2003; Yin et al., 2019). (iv) Enzymatic detoxification. 
The redox state change of heavy metal ions through reduction or 
oxidation reactions can efficiently decrease their toxicity (Yin et al., 
2019; Prabhakaran et al., 2016). Detoxification enzymes, which are also 
controlled by special resistance genes of microorganisms, can regulate 
this defense pathway. The defense mechanism may first increase and 
then decrease with the degree of heavy metal pollution, such as GWT14, 
GWT10, and GWK2 are 2.14%, 2.32%, and 1.44%, respectively. This 
may be due to heavy metals affecting the physiological changes of mi
croorganisms, such as the temporary slowdown or cessation of cell di
vision cycles, changes in cell morphology, or the development of 
resistance to stress factors. When the unfavorable stimulus is prolonged 
or strengthened, and the components of the cell structure may be 
damaged, the activation of the defense mechanism becomes impossible, 
resulting in the reduction of defense mechanism genes (Prabhakaran 
et al., 2016). Severe heavy metal stress can cause cell death. 
Metal-resistant microorganisms can serve as bioremediation agents, 
supporting the application of bioremediation. 

. 

4. Conclusions 

This field study demonstrated that soil from lead and zinc extraction 
in the karstic region poses a significant potential ecological risk. On the 
whole, various heavy metals polluted the soil, of which the pollution of 
Pb, Zn and Cd was the most serious. 

The heavy metal pollution of the lead-zinc mining area has a sig
nificant impact on the diversity of soil microorganisms. As the distance 
from the mine zone increased, heavy metal pollution and the value of the 
potential risk decreased, and bacterial diversity increased. The statistical 
analysis further revealed significant differences in microbial commu
nities across soil types, Proteobacteria are the dominant flora of the soil in 
the tailings reservoir area of the lead-zinc mine, and for the surrounding 
farmland soil, the Proteobacteria, Actinobacteriota, Acidobacteriota, 
Chloroflexi and Firmicutes are the most abundant in five bacterial groups. 

Fig. 5. Metabolic functions of the bacterial communities prediction.  
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Then, the study found that various types of heavy metals have different 
effects on bacterial communities, and soil heavy metal content will also 
change the bacterial community structure. Soils with a slight degree of 
heavy metal contamination have more dominant bacterial phyla, more 
evenly distributed and more stable bacterial populations. In addition, 
heavy metals significantly affect the metabolic function of microor
ganisms. Microorganisms might generate resistance and enable them
selves to survive by increasing the transport of metal ions and excreting 
metal ions. It is worth noting that highly tolerant bacteria were found 
under heavy metal contamination, Proteobacteria, which are the most 
dominant bacteria in this region. 

The research results are of great significance for understanding the 
specific functions and ecological effects of soil microorganisms in lead- 
zinc mining areas, and provide theoretical support for the restoration of 
soil heavy metal pollution in mining areas. In the future, the response of 
other physicochemical properties of soils in the region to microbial di
versity should be explored in conjunction with relevant predictive 
models, and the potential use of tolerant microorganisms should be 
explored to give full play to their unique functions and provide strains 
and theoretical basis for the bioremediation of heavy metals in karst 
areas. 
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Knáb, M., Szili-Kovács, T., Márialigeti, K., Móga, J., Borsodi, A.K., 2018. Bacterial 
diversity in soils of different Hungarian karst areas. Acta Microbiol. Et. Immunol. 
Hung. 65 (4), 439–458. 

Li, C., Quan, Q., Gan, Y., Dong, J., Fang, J., Wang, L., Liu, J., 2020. Effects of heavy 
metals on microbial communities in sediments and establishment of bioindicators 
based on microbial taxa and function for environmental monitoring and 
management. Sci. Total Environ. 749, 141555. 

Li, C., Wang, X., Huang, H., Wang, L., Wei, F., Zhang, C., Rong, Q., 2021. Effect of 
multiple heavy metals pollution to bacterial diversity and community structure in 
farmland soils. Hum. Ecol. Risk Assess. Int. J. 27 (3), 724–741. 

Li, D., Wen, L., Zhang, W., Yang, L., Xiao, K., Chen, H., Wang, K., 2017. Afforestation 
effects on soil organic carbon and nitrogen pools modulated by lithology. For. Ecol. 
Manag. 400, 85–92. 

Li, Q., Song, A., Yang, H., Müller, W.E., 2021. Impact of rocky desertification control on 
soil bacterial community in Karst Graben Basin, Southwestern China. Front. 
Microbiol. 12, 636405. 

Li, X., Meng, D., Li, J., Yin, H., Liu, H., Liu, X., Yan, M., 2017. Response of soil microbial 
communities and microbial interactions to long-term heavy metal contamination. 
Environ. Pollut. 231, 908–917. 

Li, Y., Ying, Y., Ding, W., 2014. Dynamics of Panax ginseng rhizospheric soil microbial 
community and their metabolic function. Evid. -Based Complement. Altern. Med. 
2014. 

Lin, Y., Ye, Y., Hu, Y., Shi, H., 2019. The variation in microbial community structure 
under different heavy metal contamination levels in paddy soils. Ecotoxicol. 
Environ. Saf. 180, 557–564. 

Liu, B., Yao, J., Chen, Z., Ma, B., Li, H., Wancheng, P., Duran, R., 2021. Biogeography, 
assembly processes and species coexistence patterns of microbial communities in 
metalloids-laden soils around mining and smelting sites. J. Hazard. Mater., 127945 

Liu, C., Lu, J., Liu, J., Mehmood, T., Chen, W., 2020. Effects of lead (Pb) in stormwater 
runoff on the microbial characteristics and organics removal in bioretention systems. 
Chemosphere 253, 126721. 

Lu, A., Li, B., Li, J., Chen, W., Xu, L., 2018. Heavy metals in paddy soil-rice systems of 
industrial and township areas from subtropical China: Levels, transfer and health 
risks. J. Geochem. Explor. 194, 210–217. 

Luo, L.Y., Xie, L.L., Jin, D.C., Mi, B.B., Wang, D.H., Li, X.F., Liu, F., 2019. Bacterial 
community response to cadmium contamination of agricultural paddy soil. Appl. 
Soil Ecol. 139, 100–106. 

Martins, P.S.D.O., Almeida, N.F.D., Leite, S.G.F., 2008. Application of a bacterial 
extracellular polymeric substance in heavy metal adsorption in a co-contaminated 
aqueous system. Braz. J. Microbiol. 39, 780–786. 

Obasi, P.N., Akudinobi, B.E.B., 2019. Pollution status of arable soils and stream 
sediments in mining areas of Abakaliki, Lower Benue Trough, Nigeria. Int. J. 
Environ. Sci. Technol. 16 (12), 7869–7884. 

Y. Zuo et al.                                                                                                                                                                                                                                      

http://doi:10.1016/j.ecoenv.2023.115190
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref1
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref1
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref1
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref2
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref2
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref2
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref2
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref3
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref3
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref4
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref4
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref4
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref5
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref5
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref5
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref6
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref6
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref6
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref7
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref7
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref7
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref8
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref8
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref8
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref9
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref9
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref9
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref10
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref10
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref10
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref10
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref11
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref11
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref11
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref12
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref12
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref12
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref12
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref13
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref13
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref13
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref14
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref14
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref14
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref14
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref15
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref15
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref15
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref16
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref16
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref16
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref17
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref17
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref17
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref18
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref18
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref18
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref19
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref19
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref19
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref19
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref20
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref20
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref20
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref21
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref21
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref21
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref22
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref22
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref22
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref23
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref23
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref23
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref24
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref24
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref24
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref25
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref25
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref25
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref26
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref26
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref26
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref27
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref27
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref27
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref28
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref28
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref28
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref29
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref29
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref29
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref30
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref30
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref30
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref31
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref31
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref31


Ecotoxicology and Environmental Safety 262 (2023) 115190

11

Patel, M., Kothari, I.L., Mohan, J.S.S., 2004. Plant defense induced in in vitro propagated 
banana (Musa paradisiaca) plantlets by Fusarium. Deriv. Elicitors. 

Prabhakaran, P., Ashraf, M.A., Aqma, W.S., 2016. Microbial stress response to heavy 
metals in the environment. RSC Adv. 6 (111), 109862–109877. 

Radeva, G., Kenarova, A., Bachvarova, V., Flemming, K., Popov, I., Vassilev, D., Selenska- 
Pobell, S., 2013. Bacterial diversity at abandoned uranium mining and milling sites 
in Bulgaria as revealed by 16S rRNA genetic diversity study. Water Air Soil Pollut. 
224 (11), 1–14. 

Risueño, Y., Petri, C., Conesa, H.M., 2020. The importance of edaphic niches 
functionality for the sustainability of phytomanagement in semiarid mining 
impacted ecosystems. J. Environ. Manag. 266, 110613. 

Shen, T., Liu, L., Li, Y., Wang, Q., Dai, J., Wang, R., 2018. Long-term effects of untreated 
wastewater on soil bacterial communities. Sci. Total Environ. 646, 940–950. 

Silver, S., 2003. Bacterial silver resistance: molecular biology and uses and misuses of 
silver compounds. FEMS Microbiol. Rev. 27 (2–3), 341–353. 

Singh, B.K., Quince, C., Macdonald, C.A., Khachane, A., Thomas, N., Al-Soud, W.A., 
Campbell, C.D., 2014. Loss of microbial diversity in soils is coincident with 
reductions in some specialized functions. Environ. Microbiol. 16 (8), 2408–2420. 

Song, S., Xiong, K., Chi, Y., He, C., Fang, J., He, S., 2022. Effect of cultivated pastures on 
soil bacterial communities in the karst rocky desertification area. Front. Microbiol. 
13. 

Sonthiphand, P., Kraidech, S., Polart, S., Chotpantarat, S., Kusonmano, K., 
Uthaipaisanwong, P., Luepromchai, E., 2021. Arsenic speciation, the abundance of 
arsenite-oxidizing bacteria and microbial community structures in groundwater, 
surface water, and soil from a gold mine. J. Environ. Sci. Health, Part A 1–17. 

Tang, J., Tang, X., Qin, Y., He, Q., Yi, Y., Ji, Z., 2019. Karst rocky desertification progress: 
Ssoil calcium as a possible driving force. Sci. Total Environ. 649, 1250–1259. 

Tian, X.Y., Zhang, C.S., 2017. Illumina-based analysis of endophytic and rhizosphere 
bacterial diversity of the coastal halophyte Messerschmidia sibirica. Front. 
Microbiol. 8, 2288. 

Tseng, S.C., Liang, C.M., Chia, T., Ton, S.S., 2021. Changes in the composition of the soil 
bacterial community in heavy metal-contaminated farmland. Int. J. Environ. Res. 
Public Health 18 (16), 8661. 

Vishnivetskaya, T.A., Hu, H., Van Nostrand, J.D., Wymore, A.M., Xu, X., Qiu, G., Elias, D. 
A., 2018. Microbial community structure with trends in methylation gene diversity 
and abundance in mercury-contaminated rice paddy soils in Guizhou, China. In: 
Environmental Science: Processes & Impacts, 20, pp. 673–685. 

Wang, H., Zhang, H., Tang, H.Y., Wen, J.W., Li, A.N., 2021. Heavy metal pollution 
characteristics and health risk evaluation of soil around a tungsten-molybdenum 
mine in Luoyang. China Environ. Earth Sci. 80 (7), 1–12. 

Wang, N., Zhang, S., He, M., 2018. Bacterial community profile of contaminated soils in a 
typical antimony mining site. Environ. Sci. Pollut. Res. 25 (1), 141–152. 

Wang, Y., Luo, W., Zeng, G., Peng, H., Cheng, A., Zhang, L., Wang, S., 2020. 
Characteristics of carbon, water, and energy fluxes on abandoned farmland revealed 
by critical zone observation in the karst region of southwest China. Agric., Ecosyst. 
Environ. 292, 106821. 

Wang, Y., Guo, G., Zhang, D., Lei, M., 2021. An integrated method for source 
apportionment of heavy metal (loid) s in agricultural soils and model uncertainty 
analysis. Environ. Pollut. 276, 116666. 

Wu, D., Zhang, Z., Gao, Q., Ma, Y., 2018. Isolation and characterization of aerobic, 
culturable, arsenic-tolerant bacteria from lead–zinc mine tailing in southern China. 
World J. Microbiol. Biotechnol. 34 (12), 1–12. 

Xiang, Y., Dong, Y., Zhao, S., Ye, F., Wang, Y., Zhou, M., Hou, H., 2020. Microbial 
distribution and diversity of soil around a manganese mine area. Water Air Soil 
Pollut. 231 (10), 1–15. 

Xiao, D., He, X., Zhang, W., Cheng, M., Hu, P., Wang, K., 2022. Diazotroph and 
arbuscular mycorrhizal fungal diversity and community composition responses to 
karst and non-karst soils. Appl. Soil Ecol. 170, 104227. 

Xiao, E., Krumins, V., Dong, Y., Xiao, T., Ning, Z., Xiao, Q., Sun, W., 2016. Microbial 
diversity and community structure in an antimony-rich tailings dump. Appl. 
Microbiol. Biotechnol. 100 (17), 7751–7763. 

Xu, Y., Seshadri, B., Bolan, N., Sarkar, B., Ok, Y.S., Zhang, W., Dong, Z., 2019. Microbial 
functional diversity and carbon use feedback in soils as affected by heavy metals. 
Environ. Int. 125, 478–488. 

Yan, C., Wang, F., Geng, H., Liu, H., Pu, S., Tian, Z., Yao, J., 2020a. Integrating high- 
throughput sequencing and metagenome analysis to reveal the characteristic and 
resistance mechanism of microbial community in metal contaminated sediments. 
Sci. Total Environ. 707, 136116. 

Yan, C., Wang, F., Liu, H., Liu, H., Pu, S., Lin, F., Yuan, R., 2020b. Deciphering the toxic 
effects of metals in gold mining area: Microbial community tolerance mechanism 
and change of antibiotic resistance genes. Environ. Res. 189, 109869. 

Yin, K., Wang, Q., Lv, M., Chen, L., 2019. Microorganism remediation strategies towards 
heavy metals. Chem. Eng. J. 360, 1553–1563. 

Zhang, H., Wan, Z., Ding, M., Wang, P., Xu, X., Jiang, Y., 2018. Inherent bacterial 
community response to multiple heavy metals in sediment from river-lake systems in 
the Poyang Lake, China. Ecotoxicol. Environ. Saf. 165, 314–324. 

Zhang, Q., Wang, C., 2020. Natural and human factors affect the distribution of soil 
heavy metal pollution: a review. Water Air Soil Pollut. 231 (7), 1–13. 

Zhang, Q., Han, G., Liu, M., Liang, T., 2019. Spatial distribution and controlling factors of 
heavy metals in soils from Puding Karst Critical Zone. Obs., Southwest China 
Environ. Earth Sci. 78 (9), 1–13. 

Zhang, Y., Wu, Y., Song, B., Zhou, L., Wang, F., Pang, R., 2022. Spatial distribution and 
main controlling factor of cadmium accumulation in agricultural soils in Guizhou, 
China. J. Hazard. Mater. 424, 127308. 

Zhao, X., Huang, J., Lu, J., Sun, Y., 2019. Study on the influence of soil microbial 
community on the long-term heavy metal pollution of different land use types and 
depth layers in mine. Ecotoxicol. Environ. Saf. 170, 218–226. 

Zhao, X., Huang, J., Zhu, X., Chai, J., Ji, X., 2020. Ecological effects of heavy metal 
pollution on soil microbial community structure and diversity on both sides of a river 
around a mining area. Int. J. Environ. Res. Public Health 17 (16), 5680. 

Zhou, X., Zhou, K., Liu, R., Sun, S., Guo, X., Yang, Y., Lei, W., 2021. Significant decrease 
in heavy metals in surface sediment after ten-year sustainable development in Huaxi 
Reservoir Located in Guiyang, Southwestern China. Int. J. Environ. Res. Public 
Health 18 (14), 7684. 

Zou, H.Y., He, L.Y., Gao, F.Z., Zhang, M., Chen, S., Wu, D.L., Ying, G.G., 2021. Antibiotic 
resistance genes in surface water and groundwater from mining affected 
environments. Sci. Total Environ. 772, 145516. 

Y. Zuo et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref32
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref32
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref33
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref33
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref34
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref34
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref34
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref34
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref35
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref35
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref35
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref36
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref36
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref37
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref37
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref38
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref38
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref38
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref39
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref39
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref39
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref40
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref40
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref40
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref40
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref41
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref41
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref42
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref42
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref42
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref43
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref43
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref43
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref44
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref44
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref44
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref44
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref45
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref45
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref45
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref46
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref46
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref47
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref47
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref47
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref47
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref48
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref48
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref48
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref49
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref49
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref49
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref50
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref50
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref50
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref51
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref51
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref51
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref52
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref52
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref52
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref53
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref53
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref53
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref54
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref54
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref54
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref54
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref55
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref55
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref55
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref56
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref56
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref57
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref57
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref57
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref58
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref58
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref59
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref59
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref59
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref60
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref60
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref60
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref61
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref61
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref61
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref62
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref62
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref62
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref63
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref63
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref63
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref63
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref64
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref64
http://refhub.elsevier.com/S0147-6513(23)00694-2/sbref64

	Effects of multi-heavy metal composite pollution on microorganisms around a lead-zinc mine in typical karst areas, southwes ...
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sample collection and heavy metal analysis
	2.3 Heavy metal pollution evaluation
	2.4 DNA extraction, PCR amplification, and Illumina MiSeq sequencing
	2.5 Processing of sequencing data

	3 Results and discussion
	3.1 Characteristics of heavy metal in soil
	3.2 Pollution index evaluation of heavy metal content in the soil
	3.3 Sequence data and bacterial taxonomic richness
	3.4 Bacterial community diversity and composition
	3.5 Influence of heavy metal pollution on bacterial communities distribution and ecological function

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


