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Heavy metals are commonly present in polluted soil in mining areas. In this study, we investigated 
10 sites of farmland soil in the heavy metal tailing dam collapse area (TDCA) with the dominant 
phyla Acidobacteriota, Proteobacteria, Bacteroidetes, and Planctomycetes. The heavy metal dam 
collapse area is a composite contamination area of multiple heavy metals, with Cd, Pb and Zn being 
the most severely contaminated, and the levels of Hg and Cu exceeding the screening values at 
some of the sites. The Shannon, Chao1 and ACE indices revealed high microbial diversity but low 
relative abundance of microorganisms at the severely polluted TDCA1 and TDCA3 sites. The results 
of redundancy analysis (RDA) showed that Hg (Max = 4.31 mg/kg) and Cu (Max = 100 mg/kg) were 
important factors affecting soil microbial community in the TDCA compared to other heavy metals. 
Correlation analysis of heavy metals with microbial communities showed that RB41 (Acidobacteria) 
was more resistant to high concentrations of Cd, Pb, and Zn pollution. The genera of UTCFX1 
(Chloroflxi) and norank_TRA3-20 had strong tolerance to the heavy metal Hg. Cu was significantly 
negatively correlated with norank_WD2101_soil_group (P < 0.05). Therefore these can be used as 
indicators for monitoring potential heavy metal contamination. The results can be used to predict the 
changes in the ecosystem of the mining area to maintain its ecological balance and health.
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At present, with the rapid development of social industrialization, the speed of mining is accelerating, resulting 
in a gradual increase in the content of pollutants in the soil. Heavy metals are important pollutants in mining 
areas, and with the accumulation of a long time and rainfall erosion leading to mine damming make pollutants 
spread around the mine, increasing the concentration of heavy metals in the surrounding area. Accumulation 
of heavy metals in soil can lead to reduced soil enzyme activity1, decreased soil quality affecting crop growth, 
imbalance in microbial communities, and loss of biodiversity2–5. In addition, the accumulation of heavy metals 
in the biological chain can seriously jeopardize human health5. For example, exposure to high levels of Cr 
increases the risk of cancer6; Pb poisoning damages intellectual abnormalities in children7; Hg toxicity causes 
Minamata disease; and Cd poisoning causes itai-itai disease. In addition, heavy metals can cause toxicity to 
human organs, such as neurotoxicity, nephrotoxicity, and hepatotoxicity8. Therefore, it is essential to monitor 
heavy metals in soil.

Microorganisms are vital to the healthy operation of soil ecosystems9. The composition and diversity of 
microbial communities can quickly reflect changes in soil ecosystems, reflecting the sensitivity and resilience of 
microorganisms10. Numerous research endeavors have investigated the effects of heavy metals on the structure 
of soil microbial communities11–13. Therefore, it is crucial to understand the interrelationships between heavy 
metals and microbial communities. The response of microbial communities to heavy metal pollution can 
provide a scientific basis for soil pollution remediation14. In addition, the possibility of utilizing microorganisms 
for bioremediation can be explored by understanding the tolerance and degradation ability of microorganisms 
to heavy metals.

Bacterial communities are sensitive to changes in environmental conditions, especially in the presence of 
heavy metals15–18. Numerous studies have investigated the effects of heavy metals on soil microbial community 
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structure19–21. The composition of microorganisms in different heavy metal contaminated soils is varied. Li 
et al. found that the dominant phyla in Pb/Zn smelters were Proteobacteria, Firmicutes, Actinobacteria, 
Bacteroidetes, and Acidobacteria22. Wang et al. found that the dominant phyla in Cd-contaminated soil were 
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, respectively23. Liu et al. found that Proteobacteria, 
Actinobacteria, Acidobacteria, and Chloroflexi were the most abundant bacterial taxa24.

Under certain conditions, the presence of biodegradable microorganisms in soil can accelerate the 
degradation of pollutants such as heavy metals. The conversion of pollutants to less harmful states through 
adsorption, precipitation, or transformation processes is known as bioremediation25, which is more effective 
and environmentally friendly than current physicochemical remediation methods and does not cause problems 
such as secondary pollution. It has also been found that sulfate-reducing bacteria can convert Cr (VI) to Cr (III) 
in a short time with a conversion efficiency of up to 99%26. The study of the microbial community structure of 
polluted sites can help to understand the environmental adaptation mechanism of microorganisms and maintain 
a healthy land environment.

Based on the above research background this study was done as follows: (1) Determination of heavy 
metals concentrations; (2) microbial community composition in contaminated soils; (3) Relationship of soil 
microorganisms with heavy metals. This study aims to investigate the mechanism of heavy metal pollution on 
soil microorganisms through the investigation and analysis of the microbial community structure of heavy 
metals contaminated soil in the TDCA and to provide theoretical support for the ecological remediation of the 
mining area soil.

Results
Soil heavy metals concentration
The results of heavy metals concentration in soil are shown (Supplementary Table S1), compared with the 
screening values of farmland soil with heavy metals concentration, the heavy metals contamination was quite 
different in different sampling sites. According to the risk control standards for soil contamination of agricultural 
land (GB 15618–2018)27, the screening values for soil pollution in the study area (Supplementary Table S1) were 
Cd (0.6 mg/kg), As (25 mg/kg), Pb (170 mg/kg), Cr (250 mg/kg), Cu (100 mg/kg), Zn (300 mg/kg), Ni (190 mg/
kg), and Hg (3.4 mg/kg). Overall, most of the sampling sites were contaminated with Cd, Pb, and Zn, with Pb 
and Zn being the most contaminated, followed by Cd. As, Hg, and Cu were the least contaminated. Specifically, 
except for point 2, the other 9 points were contaminated with Cd and Zn. Except for points 2, 7, and 8, all other 
points are contaminated with Pb. As, Hg and Cu contamination occurred at TDCA1, TDCA3 and TDCA6, 
respectively. In summary, the TDCA3 site was the most contaminated, with Pb concentrations 8.75 times the 
screening value, Zn concentrations 11.32 times the screening value, Cd concentrations 35.11 times the screening 
value, and Hg concentrations 1.27 times the screening value. Heavy metal concentrations were measured and 
analyzed using Surfer 23 software for kriging interpolation, aiming to predict the heavy metal pollution in the 
entire TDCA (Fig. 1).

The Spearman correlation analysis between heavy metals elements is shown in Supplementary Fig. S1. Firstly, 
overall, there is a positive correlation between most metal elements. Specifically, there was a significant positive 
correlation (P < 0.05) between the four elements Cd, Pb, Zn, and Hg. Cu was significantly positively correlated 
with Ni (P < 0.05), Pb (P < 0.05), and As (P < 0.01). As and Ni were also significantly positively correlated 
(P < 0.05), which suggests that the three elements, Cu, Ni, and As, are positively correlated with each other.

Diversity of bacterial communities
The alpha diversity indices showed that the richness and diversity of bacterial communities in the 10 samples were 
different (Fig. 1). Shannon indices are indicators of microbial diversity. As shown by the Shannon indices, the bacterial 
diversity varied from 6.64 to 7.23. ACE and Chao1 indices reflects microbial richness. The ordering of ACE and Chao1 
indices is TDCA1 > TDCA3 > TDCA7 > TDCA10 > TDCA5 > TDCA2 > TDCA6 > TDCA4 > TDCA8 > TDCA9, 
indicating that the TDCA1 point has the highest number of Operational Taxonomic Unit (OTU). The Coverage 
index mainly embodied the depth of the sample detection, the coverage indexes are all over 0.98, indicating 
that the sequencing results can be used to respond to the composition of the bacterial community structure at 
sampling sites.

High-throughput sequencing results showed that the 10 soil samples consisted of bacteria from 56 phyla 
and 1369 genera, totaling 21,588 OTUs. The microbial composition varied greatly among different samples. 
TDCA1 had the highest number of species-specific OTUs at 1973 OTUs (9.14%), followed by TDCA3, TDCA10, 
TDCA2, and TDCA7 at 1532 (7.10%), 1524 (7.06%), 1310 (6.07%), and 1235 (5.72%), respectively (Fig. 2). The 
number of common microbial species at the 10 sites was 1426 OTUs (6.61%) (Fig. 2). The positive competition 
among soil microorganisms under multiple heavy metals contamination leads to a richer diversity of soil 
microbial communities.

The results of principal coordinate analysis (PCoA) of the bacterial community in the soil are shown in 
Fig. 3. The cumulative contributions of PCoA1 and PCoA2 were 31.43% and 20.32%, respectively. In addition, 
we found a stress value of 0.0537 (stress < 0.1) by NMDS analysis. Stress was used to check the NMDS results, 
and stress < 0.1 indicates a better sorting of the sample sites. Combined PCoA results indicate differences in 
microbial composition between samples. As shown in Fig. 4, the dominant phylum is not the same in different 
samples, for example, the dominant phylum of TDCA1 is Proteobacteria and the dominant phylum of TDCA6 
is Acidobacteriota.

Bacterial community composition
The results of bacterial community classification at the phylum level and genus level for the 10 soil samples are 
shown in Fig. 4. At the phylum level (Fig. 4a), the bacterial communities were dominated by Acidobacteriota, 
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Proteobacteria, Bacteroidetes, and Planctomycetes, accounting for more than 60% of the total bacterial population 
in all samples. At the genus level (Fig. 4b), the dominant genus from TDCA1 to TDCA9 samples was RB41 
(Actinobacteria), differing only in relative abundance (19 ~ 32%.) The dominant genus in the TDCA10 sample 
were Sphingomonas (Proteobacteria) (14%) and norank_Chloroplast (Cyanobacteria) (13%).

Correlation analysis between soil heavy metals concentration and bacterial community 
structure
Figure 5 shows the results of RDA analysis. The results of RDA heavy metals phylum level analysis showed that 
the first and second axes obtained from the RDA analysis explained 42.55% and 24.37% of the overall variation, 
suggesting that the result could explain the relationship between heavy metals concentration and bacterial 
community structure. Hg, Cu, and Ni were positively correlated with the first sorting axis, while the other heavy 
metals were negatively correlated with the first sorting axis (Fig. 5a). The results of RDA heavy metals genus level 
analysis showed that the first and second axes obtained from the RDA analysis explained 26.94% and 24.37% of 
the overall variation. All eight heavy metals were positively correlated with the first sorting axis (Fig. 5b), which 
indicated that the effects of heavy metals on microbial communities varied among different sorting levels. This 
indicates that the effects of heavy metals on microbial communities differed at different taxonomic levels.

Figure  6 is the Spearman correlation analysis of heavy metals with bacterial communities. At phlum 
level (Fig.  6a), Ni was significantly positively correlated with Nitrospirota and Patescibacteria (P < 0.05). The 

Fig. 1.  Prediction of heavy metal concentrations (a: Cr; b: Ni; c: As; d: Cu; e: Zn; f: Cd; g: Pb; h: Hg. Red 
represents high concentrations of heavy metals. Maps were downloaded using BIGEMAP 30.0.0.0 ​(​​​h​t​t​p​:​/​/​w​w​w​
.​b​i​g​e​m​a​p​.​c​o​m​/​​​​​)​. kriging interpolation analysis was performed by Sufer 23.2.176 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​g​o​l​d​e​n​s​o​f​t​w​a​r​e​.​c​
o​m​/​p​r​o​d​u​c​t​s​/​s​u​r​f​e​r​/​​​​​) and microbial diversity indices (i).
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correlation between other heavy metals and phylum level microorganisms was not significant. Spearman 
correlation analysis between heavy metals and bacterial communities at the genus level found (Fig. 6b) that 
Ni was significantly positively correlated with Nitrospira (P < 0.05) and significantly negatively correlated with 
Sphingomonas (P < 0.05). As was significantly negatively correlated with norank_Vicinamibacterales (P < 0.05). 
Cu was significantly negatively correlated with norank_WD2101_soil_group (P < 0.05). Hg was significantly 
positively correlated with norank_TRA3-20 (P < 0.05) and UTCFX1 (P < 0.05).

Functional gene prediction
From the prediction results of FAPROTAX (Supplementary Fig. S2), it can be seen that chemoheterotrophs 
and aerobic_chemoheterotrophy are the dominant types of microorganisms in the TDCA, and are distributed 
at various locations. chemoheterotrophy and aerobic_chemoheterotrophy are functional groups of dominant 
bacteria (Acidobacteria, Actinobacteria, and Proteobacteria). Overall, TDCA10 has a wide range of functional 
microbial types. Among them, TDCA3, TDCA6, and TDCA10 have the highest levels of chemoheterotrophy 
and aerobic_chemoheterotrophy. In addition, there are also chloroplasts, phototrophy, photoautotrophy, 
cyanobacteria, and oxygenic photoautotrophy microorganisms present in the TDCA10 site. The photosynthetic 

Fig. 3.  Bacterial community similarity analysis (PCoA). Different colored dots represent different groupings of 
samples. The closer the dots are to each other, the more similar the species composition of the two samples.

 

Fig. 2.  Distribution of species-specific OTUs in all soil samples in Venn diagram. The overlap in the Veen 
diagram indicates the bacterial OTUs shared between all soil samples.
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(chloroplasts) and intercellular parasites microbial communities at the TDCA8 site are higher than those at 
other sites.

This study predicts the phenotypic function of soil microorganisms in the TDCA using BugBase 
(Supplementary Fig. S3). The results showed that the relative abundance of anaerobic and aerobic bacteria at 
each site showed an overall opposite trend. The content of mobile elements and the potential pathogenicity of 
microorganisms at each site showed an opposite trend overall. In contrast, the stress tolerance showed the same 
trend as the content of mobile elements. This can be explained by the lower content of mobile elements at this 
site, which may lead to a gradual increase in the relative abundance of pathogenic microorganisms and a smaller 
migration to other sites, resulting in an increased risk of pathogenicity and decreased stress tolerance.

Discussion
Soil is a complex ecosystem, which is an important habitat for microorganisms' survival and activities. Heavy 
metal pollution is mainly based on the compound pollution of multiple elements in the soil around the mining 
area, which leads to more complex environmental effects and affects public health28,29. In this study, spearman 
correlation analysis showed that there was a positive correlation between most of the heavy metals elements. 
This indicated that they had similar sources and transport and transformation behaviors, forming a certain 
degree of complex pollution. Microorganisms, as an important part of the soil ecosystem, are involved in 
the decomposition of organic matter, the release of nutrients, and the maintenance of soil structure30,31 The 
activities of soil microorganisms are intricate. Previous studies have demonstrated that microorganisms are 
highly sensitive to heavy metals in soil and that different microorganisms are not equally sensitive to various 
heavy metals32–34. For example, As pollution had a positive relationship with Chloroflexi, Betaproteobacteria, 
and Bacteroidetes relative abundance (p < 0.05). Firmicutes relative abundance decreased with an increase in 
As concentration24. Deng et al. 2022 found a significant positive correlation between Cd and Proteobacteria, 
Planctomycetes, Actinobacteria, and Acidobacteria35. Zhu et al. found a significant positive correlation between 
soil Hg and Chloroflexi abundance36. Liu et al. found a positive correlation between total soil Hg content and the 
relative abundance of Firmicutes and Bacteroidetes in the soil37.

At the phylum level (Fig. 4a), the bacterial communities were dominated by Acidobacteriota, Proteobacteria, 
and Bacteroidetes, which is consistent with the results of previous studies on the effects of heavy metals on 
the composition of microbial communities in industrially polluted soils19,22. Acidobacteria were the most 
abundant phylum, involved in the decomposition of organic matter and nutrient cycling in soil38–40, and 
were widely distributed in soil, water, and marine ecosystems41. The second most abundant phylum was the 
Proteobacteria, the largest of the bacterial phylum, which was closely related to the utilization of carbon sources 
and consists mainly of gram-negative bacteria responsible for fixing nitrogen42. The Proteobacteria phylum is 
the most abundant in varied environments due to its ability to rapidly change morphology to adapt to different 
environments43–45. Bacteroidetes have a strong capacity to adapt to the environment and degrade organic matter, 
and have been detected in extreme environments, such as high salinity46. At the genus level, the dominant 

Fig. 4.  The relative abundance of bacterial community at the level of phylum (a) and genus (b) in samples. 
The horizontal axis is the number of each sample and the vertical axis is the proportion of relative abundance 
of species. The different widths of the color shapes indicate the relative abundance proportions of the different 
species.
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genus in samples TDCA1-TDCA9 was RB41 (Acidobacteriota), differing only in relative abundance suggesting 
that RB41 was resistant to complex heavy metal contamination. The dominant genera in the TDCA10 samples 
were the Sphingomonas (Proteobacteria) (14%) and the norank_Chloroplast (Cyanobacteria) (13%). This may 
be because TDCA10 is located near agricultural soils where the influence of plant roots is stronger, resulting in 
different bacterial responses to heavy metals47.

Heavy metals are the main factors affecting microbial communities48,49. Heavy metals have negative effects on 
microbial community structure. In the present study, the farmland soil in the TDCA was heavily contaminated 
with Cd, Pb, and Zn, and only a few points were contaminated with Cu and Hg, so the RDA analysis showed 
that Hg and Cu had the greatest effect on the microbial community. Both TDCA4 and TDCA10 samples 
were contaminated with varying degrees of Cd, Pb, and Zn (Supplementary Table S1), but the higher relative 
abundance of the genus RB41 in the TDCA4 samples suggested that the RB41 (Acidobacteria) was more resistant 
under the combined contamination of Cd, Pb, and Zn. Furthermore, correlation analysis revealed that Ni was 
positively correlated with Nitrospirota and Patescibacteria and was negatively correlated wth Sphingomonas 
(Fig. 6). This is mainly since nitrogen cycling is severely affected under heavy metals contamination in the soil, 
which coincides with the fact that Nitrospirota is an important bacterial phylum for nitrogen transformation50,51. 
Cu was significantly negatively correlated with norank_WD2101_soil_group (Fig. 6b). In addition, we also found 
that the Hg concentration was higher in TDCA3 and TDCA6 sites, and the relative abundance of norank_TRA3-
20 was higher than in other sites. The results in Fig. 6b also showed a significant positive correlation (P < 0.05) 
between norank_TRA3-20 and Hg, which indicated that Norank_TRA3-20 was resistant to Hg. Furthermore, Hg 
was not correlated with Chloroflxi at the phylum level but was significantly positively correlated (P < 0.05) with 
the genus UTCFX1 (Chloroflxi) at the genus level, suggesting that UTCFX1 is potentially resistant to Hg.

Fig. 5.  RDA plots of heavy metals at phylum (a) and genus (b) level. The longer the arrow for an 
environmental factor, the greater the influence of that influencing factor.
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Conclusion
Farmland soils in the TDCA were heavily contaminated with heavy metals, and it severely affected the community 
composition of microorganisms in the soil. At the phylum level, the bacterial communities were dominated by 
Acidobacteriota, Proteobacteria, and Bacteroidetes. Heavy metals analysis revealed that Hg, Cu, and Ni were the 
most important factors affecting microorganisms. In this work, Nitrospirota and Patescibacteria phylum had 

Fig. 6.  The correlation analysis of heavy metals with bacterial communities at phylum (a) and genus (b) level. 
The red color represents a positive correlation and the blue color represents a negative correlation. The color 
shade is proportional to the correlation coefficient.
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some tolerance to Ni. The genus UTCFX1 (Chloroflxi) and Norank_TRA3-20 were more tolerant to Hg. Ni was 
significantly negatively correlated with Sphingomonas (P < 0.05). As was significantly negatively correlated with 
norank_Vicinamibacterales (P < 0.05). Cu was significantly negatively correlated with norank_WD2101_soil_
group (P < 0.05). By analyzing the structure of soil microbial communities in the TDCA, we can understand the 
interaction mechanism between heavy metals and soil microbial communities, and further provide theoretical 
guidelines for the restoration of heavy-metal-contaminated farmland soils in the mining area.

Materials and methods
Sites description
The tailing pond adopts decentralized ore discharge and belongs to the upstream method of dam construction, 
the height of the early dam is 13.5 m, the height of the late dam is 32.5 m, the total height of the dam is 46 m, 
and the total capacity of the bank is 228.40 × 104 m3, which belongs to IV class bank. The tailing pond is located 
in the longitudinal "U" shape, the width of the bottom of the ditch is 70–120 m, the geomorphology belongs to 
the hilly area, and the ground elevation is 228.36–280.83 m. The sudden heavy rainfall led to the occurrence of 
a tailing pond failure, forming a ditch 100 m long and 10 m wide. Figure 7 shows the distribution of sampling 
sites in the TDCA.

Sample collection and preservation
The soil used in this study was extracted from the surface farmland soil (0–20 cm) of a lead–zinc mine tailing 
pond breaching area in Northeast China and was sampled using the grid method of laying out points and the 
plum sampling method. A surface 0–20 cm soil sample was collected using a stainless-steel sampler to remove 
plant residues and other biological residues. The samples were divided into two parts for processing: one for the 
determination of heavy metals content, and one for 16SrRNA analysis. The samples were immediately placed 
into sterile centrifuge tubes prepared in advance. The collected soil samples were put into sterile bags and placed 
into foam boxes with ice packs for low-temperature storage and transportation and an ultra-low-temperature 
refrigerator (− 80 °C) for long-term storage5.

Sample analysis
Grind the soil sample and pass it through a 100-mesh sieve. The sample is digested using a four-acid digestion 
method (nitric acid-perchloric acid-hydrofluoric acid-hydrochloric acid)52. The concentrations of Cd, Pb, Cr, 
Cu, Zn, As, and Ni in the soil were determined using inductively coupled plasma mass spectrometry (ICP-MS)53. 
Measure the concentration of Hg in soil using a catalytic pyrolysis-cold atomic absorption spectrophotometry54.

Soil microbiological determination
Total genomic DNA was extracted from soil samples using the Mag-Bind Soil DNA Kit. The quality of the 
extracted DNA was assayed using 1% agarose gel electrophoresis. The DNA concentrations were measured using 
a Quawell Q5000 microvolume UV spectrophotometer to meet testing requirements. The sequence of the V3-
V4 region of the 16S rRNA gene was amplified using primers 341F and 805R on the Illumina high-throughput 
sequencing platform of Sangyo Bioengineering.

Fig. 7.  Distribution of sampling sites in the dam collapse area. The red area is the tailing dam collapse area and 
the blue area is the tailing pond. Maps were downloaded using BIGEMAP 30.0.0.0 ​(​​​h​t​t​p​:​/​/​w​w​w​.​b​i​g​e​m​a​p​.​c​o​m​
/​​​​​)​. ArcGIS 10.7.0.10450 (​h​t​t​p​s​:​​​/​​/​w​w​​w​.​e​s​r​​i​.​c​​o​m​/​​e​​n​​-​u​s​/​​a​r​c​​g​i​​s​/​p​r​o​d​​​u​c​t​s​/​​a​r​​c​g​i​s​-​d​e​​s​k​t​o​p​/​r​e​s​o​u​r​c​e​s) mapped the 
distribution of sample sites.
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Statistical analyses
ArcGIS 10.2 was employed to create a distribution map of sampling points. Kriging interpolation analysis was 
performed using Surfer 23. Origin 2024 was used for data processing and data visualization.

Data availability
Data is provided within the manuscript or supplementary information files.
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