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Abstract
Heavy metal pollution is a global environmental problem, and the potential risks associated with heavy metals are increasing. 
The acid mine drainage (AMD) which is generated by mining activities at Dabaoshan Mine, the largest polymetallic mine 
in southern China, is harmful to local residents. A detailed regional survey of the ecological and human health risks of this 
polluted area is urgently needed. In this study, eight sediments and farmland samples were collected along the flow direc-
tion of tailing wastewater and Fandong Reservoir; the content of multiple heavy metals in these samples was determined by 
inductively coupled plasma mass spectrometry. The biological toxicity of water-soluble extracts from the samples was further 
assessed by referring to different endpoints of Caenorhabditis elegans (C. elegans). The relationship between specific heavy 
metals and biological toxicity was estimated by partial least squares regression. The results indicated that the risk of heavy 
metals in Dabaoshan mining area was very high (potential ecological risk index = 721.53) and was related to geographical 
location. In these samples, the carcinogenic risk (the probability that people are induced carcinogenic diseases or injuries 
when exposed to carcinogenic pollutants) of arsenic (As) for adults exceeded the standard value 1 × 10−4 and indicated that 
As presented a high carcinogenic risk to adults, while the high risk of non-carcinogenic effects (the hazard degree of human 
exposure to non-carcinogenic pollutants) in children was related to lead exposure (hazard index = 1.24). In addition, the 
heavy metals at high concentration in the water-soluble fraction of sediment and farmland soil extracts, which might easily 
distribute within the water cycle, inhibited the survival rate and growth of C. elegans. Gene expression and enzymatic activity 
related to oxidative stress were increased and genes related to apoptosis and metallothionein were also affected. In conclu-
sion, the results of chemical analysis and biological assays provided evidence on the toxicity of soil and sediment extracts 
in the Dabaoshan mining area and advocated the control and remediation of heavy metal pollution around Dabaoshan Mine.
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Introduction

Heavy metal pollution has attracted widespread attention 
because it is irreversible, persistent, concealed, and bioaccu-
mulated. Mining activities are an important source of heavy 
metal pollution. Global metal ore mining reached 7.4 billion 
tons in 2010 (Zheng et al. 2018), while the scale of mining 
activities continues to grow (Ali et al. 2017). Although min-
eral resources play important roles in daily life and in indus-
try, large volumes of tailings containing sulfide minerals are 
produced every year around the world. The tailings are dis-
charged into tailing dams, which results in large amounts of 
acid mine drainage (AMD) characterized by strong acidity 
and high concentration of toxic heavy metals (Akcil and 
Koldas 2006). Improperly treated AMD can severely dam-
age the environment such as soil and surface water and 
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exposes local inhabitants to heavy metals via ingestion and 
skin absorption. The plants exposed to heavy metals can 
experience different degrees of disease, such as chlorosis, 
reduced biomass, decreased chlorophyll content, and even 
death (Vardhan et al. 2019). Additionally, human health can 
be threatened by conditions such as bone pain, Minamata 
disease, and increased mortality risk from cancer (Daraz 
et al. 2021). Thus, there is an urgent need to establish a more 
comprehensive environmental risk assessment method.

Various indexes have been used to evaluate the extent of 
heavy metal pollution in mining areas, such as the single 
factor index, geo-accumulation index, Hakanson potential 
ecological risk index, Nemerow index, enrichment factor, 
and health risk assessment based on the potential exposure 
pathways (i.e., ingestion) (Adewumi and Laniyan 2020; Lin 
et al. 2019). Previous studies have generally been limited to 
a few heavy metals, which does not reflect the real environ-
mental risk of these contaminated sites (Chen et al. 2018b; 
Xiang et al. 2019). These studies were mainly based on the 
total amount of heavy metals, while the physicochemical 
properties of the environment such as pH, redox conditions, 
and organic matter content can affect the chemical form of 
heavy metals, which affects metal bioavailability, a prereq-
uisite for toxicity (Schultz et al. 2004). Therefore, an accu-
rate assessment of the health risks caused by heavy metal 
exposure should not be limited to studies of selected heavy 
metals or the toxic effects of total heavy metals in general.

Model organisms such as bacteria, plants, earthworms, 
and nematodes have previously been used to explore the 
biological effects of heavy metals in environmental samples 
(Chapman et al. 2013). Caenorhabditis elegans (C. elegans) 
is widely used in toxicology research because it has the fol-
lowing characteristics: short life cycle, simple and inexpen-
sive propagation in the laboratory, ability to self-fertilize, 
transparent body, and its genes display high homology with 
human genes (60–80%) (Leung et al. 2008). Previous stud-
ies have used C. elegans to analyze the risks of different 
environmental samples including sediment, soil, wastewater, 
and particulate matter through different endpoints such as 
DNA damage, survival, lifespan, growth, and gene expres-
sion (Rai et al. 2019). In addition, C. elegans is acid-tolerant 
(pH range of tolerance: 3.1–11.9) and highly sensitive to 
metals by over-expressing metallothionein (Khanna et al. 
1997). Therefore, C. elegans is a good model for studying 
the potential health risks of heavy metals in sulfide mining 
areas.

Dabaoshan Mine is the largest polymetallic mine in 
Guangdong Province, south China. The water bodies, sedi-
ments, soils, and food crops in the mining area are seriously 
polluted by heavy metals from AMD (Wang et al. 2019b). 
Under the stress of heavy metals in the acid soil of Daba-
oshan Mine, the growth of tested Corymbiacitriodora var. 
variegata was significantly slowed down (Liu et al. 2009). In 

addition, the lead (Pb) concentrations in the hair of residents 
in the Dabaoshan mining area were 15–28 times higher than 
that of non-exposed people (Zhuang et al. 2014). Local resi-
dents are frequently reported to suffer from cancers such as 
esophageal and lung cancers probably because of long-term 
intake of fish, rice, and vegetables contaminated with heavy 
metals (Shu et al. 2018). The potential risks of heavy metal 
pollution in Dabaoshan Mine area have previously been 
evaluated mainly by chemical analysis, but there is a lack 
of relevant biological toxicity test data (Zhao et al. 2012; 
Zhou et al. 2007). Our study performed biological assays 
by using C. elegans besides chemical analysis to carry out a 
more comprehensive assessment. In this research, sediments 
and soils from around Dabaoshan Mine were collected and 
analyzed for heavy metal concentrations in the samples 
and in water-soluble extracts. At the same time, C. elegans 
was assayed to determine endpoints following exposure to 
water-soluble extracts. Additionally, the partial least squares 
regression (PLSR) model was applied to estimate the link 
between the endpoints and heavy metal concentrations in 
the extracts. The objectives of this study were as follows: 
(1) assess the potential ecological and human health risks 
of heavy metals in mining areas based on the total amount 
of heavy metals; (2) analyze the toxic effects and potential 
molecular mechanisms of nematode endpoints induced by 
heavy metals in extracts; and (3) determine the contribution 
of different heavy metals in the extracts to the changes in C. 
elegans biological indicators. Our results evaluated the toxic 
contribution of certain heavy metal to live organisms and 
humans in Dabaoshan Mine area and were valuable for the 
control and land restoration of such areas polluted by AMD.

Materials and methods

Sampling details

Dabaoshan Mine (24°34′28″N, 113°43′42″E), located at the 
junction of Qujiang and Wengyuan counties of Shaoguan, 
Guangdong Province, south China, is a polymetallic sulfide 
deposit. Surface sediments (E1, E2, E3, E4, E5) and soils 
(S1, S2, S3) near Dabaoshan Mine were collected in the 
summer of 2019 (rainy season). Detailed information about 
the locations of Dabaoshan Mine, Fandong Reservoir, and 
the sampling sites are shown in Fig. 1. Specifically, soil sam-
ples were collected from croplands at a depth of 0–20 cm in 
Liangqiao village which was about 3.6 km downstream of 
the tailing wastewater. Samples E1 and E2 were collected 
from Fandong Reservoir and its downstream (5.9  km), 
respectively. Samples E3 and E4 were collected from the 
tailing wastewater and its downstream (2.9 km), respectively. 
Sample E5 (about 6.7 km downstream of the wastewater) 
was collected at the confluence of the tailing wastewater and 
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Fandong Reservoir water. These surface sediments (with a 
depth of 0–10 cm) which were scraped with a plastic shovel 
were collected from the river bed 3–5 m away from the river 
bank. Then, the collected surface sediments were stored in 
a sterile ziplock bag. Three samples were taken from each 
sampling point with an interval of 1 m, and mixed evenly 
as a mixed sample. All samples were freeze-dried, crushed, 
sieved with 100 mesh, and stored at − 20 °C for further 
heavy metal analysis and toxicity tests.

Heavy metal analysis

Samples for total heavy metal analysis were digested with 
a concentrated acid mixture (HNO3-HF). The digests were 
then supplemented with 7.5 mL H3BO3 (2.5% wt), and 
diluted to 50 mL with deionized water. Water-soluble 
metal extracts for toxicity tests were obtained after mul-
tiple steps according to a previous report (Hagner et al. 
2018). Briefly, 2.5 g dry sample was mixed with 10 mL 
deionized water and shaken at a speed of 200 rpm for 24 h. 
After extraction, the mixture was centrifuged (12,000 rpm, 

20 min) and the supernatant was collected into a poly-
propylene tube. Then, the collected supernatant was fil-
tered through a 0.22-μm filter and stored at − 20 °C. The 
leachate was used for soluble heavy metal analysis and 
biological analysis. The pH of the elutriates is shown in 
Table S1.

The metals in acid digests and leachates were analyzed 
by inductively coupled plasma mass spectrometry (ICAPQ, 
Thermo Scientific). Replicates and blank samples were ana-
lyzed, and quality control was performed using certified ref-
erence materials (CRMs) including GSS-25 (GBW07454), 
Pacs-3 (National Research Council Canada), and Mess-4 
(National Research Council Canada). The recoveries of 
heavy metals are shown in Table S2.

Assessment of potential ecological risk

The degree of heavy metal pollution in soils/sediments was 
defined as the potential ecological risk index (RI) by using 
the formulas below (Tejeda-Benitez et al. 2016).

Fig. 1   Map showing the location of Dabaoshan Mine, Fandong Reservoir, and sampling sites created in ArcGIS 10.2. “S” represents the soil 
sampling site, and “E” represents the sediment sampling site
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where RI is calculated as the sum of Ei, which represents 
the potential ecological risks of multi-metal pollution; Ei 
represents the potential ecological risk index of individual 
elements; Ti is the metal toxicity coefficient (for Pb, Cu, 
and Ni, Ti is 5, it is 10 for As, 2 for V and Cr, and 1 for 
Zn and Mn) (Xu et al. 2008); fi is a metal pollution fac-
tor, calculated from Ci, which is the concentration of the 
metal in soils/sediments; and Cb is the reference value of 
the metal (V = 65.3 mg/kg, Cr = 50.5 mg/kg, Ni = 14.4 mg/
kg, Cu = 17  mg/kg, As = 8.9  mg/kg, Pb = 36  mg/kg, 
Mn = 279 mg/kg, Zn = 47.3 mg/kg) (CNEMC 1990). By 
referring to a former study, RI was divided into five levels 
as shown in Table S3 (Zhu et al. 2018).

Health risk assessment

For soil contaminated with heavy metals, humans may be 
exposed to heavy metals in two ways, including direct intake 
and dermal absorption (Man et al. 2010). The exposure dose 
was calculated using Eqs. (4) and (5) (USEPA 1989).

Ingestion:

where ADII is the average daily intake by ingestion (mg/
kg-day); SIR is the ingestion rate (mg/day); EF is the expo-
sure frequency (day/per year); ED is the exposure duration 
(year); BW is the body weight (kg); and AT is the average 
time (day).

Dermal absorption:

where ADID is the average daily intake from dermal 
absorption (mg/kg-day); SA is the exposed skin area (cm2); 
AF is the adherence factor (mg/cm2-day); and ABS is the 
dermal absorption factor (unitless).

Health risks were reflected by carcinogenic and non-
carcinogenic risks. The hazard quotient (HQ) reflects 
non-carcinogenic hazards determined by Eqs. (6) and (7). 
Specifically, HQABS and HQO represent the potential non-
carcinogenic risks caused by dermal absorption and soil 
ingestion, respectively. Total potential non-carcinogenic 
effects (hazard index, HI) were calculated by Eq. (8). If the 

(1)RI =
∑

Ei

(2)Ei = Ti × f i

(3)fi =
Ci

Cb

(4)ADII =
Ci × SIR × EF × ED

BW × AT

(5)ADID =

Ci × SA × AF × ABS × EF × ED

BW × AT

HQ was greater than 1, there might be non-carcinogenic 
effects. While HI > 1 suggested that it might have an adverse 
effect on human health (Li and Zhang 2010). Carcinogenic 
risks were calculated by Eqs. (9) and (10). The EPA accepts 
risks in the range of 10−6 to 10−4 (Jiang et al. 2017).

where ADI is the average daily intake; RfD is the refer-
ence dose (mg/kg-day); RfDABS is the dermally reference 
dose (mg/kg-day); RfDo is the oral reference dose (mg/kg-
day); ABSGI is the gastrointestinal absorption factor (unit-
less); SF is the slope factor (per mg/kg-day); SFABS is the 
dermally slope factor (per mg/kg-day); and SFO is the oral 
slope factor (per mg/kg-day). The information on the rel-
evant parameters in the formulae is shown in Table S4.

C. elegans culturing and exposure conditions

N2 wild-type C. elegans were cultivated on nematode 
growth medium at 20 °C fed with Escherichia coli strain 
OP50 (Brenner 1974). To obtain synchronized nematodes, 
gravid nematodes were lysed with an alkaline hypochlorite 
solution (Chen et al. 2018a). Experiments were performed 
by using diluted extracts in K-medium (a solution containing 
51 mM NaCl and 32 mM KCl) and K-medium was used as 
the control (Tejeda-Benítez et al. 2018). Based on the results 
of preliminary experiments (not shown here), S1–S3, E1, 
E2, and E5 extracts were diluted 20 times, E3 was diluted 
20, 1000, 1500, and 2000 times, and E4 was diluted 20, 50, 
100, and 200 times for the exposure assay. Specifically, the 
pH of E3 extract (1:1000 dilution) was 6.24, and the pH of 
E4 extract (1:50 dilution) was 10.28 (pH range of tolerance 
for C. elegans: 3.1–11.9).

Survival rate and body length of C. elegans

To determine the survival rate, the nematodes (n = 10) in L4 
larvae were exposed for 24 h. The nematode was considered 
dead if it could not respond to the stimulus using a tiny metal 
needle (Xu et al. 2017). Four replicates were performed.

(6)HQ =
ADI

RfD

(7)RfDABS = RfDO × ABSGI

(8)HI =
∑

HQi =

∑ ADIi

RfDi

(9)CancerRisk = ADI × SF

(10)SFABS =
SFO

ABSGI
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For assessing nematode growth, we measured the body 
length. As a previous study reported (Jiang et al. 2016), 
nematodes (n = 10) in L1 stage were exposed for 48 h, then 
body length was measured by Zeiss Discovery V20 micro-
scope (Carl Zeiss AG, Oberkochen, Germany) and software 
Image J (National Institutes of Health, Bethesda, MD, USA). 
Three replicates were performed for each treatment.

Determination of enzymatic activity related 
to oxidative stress of C. elegans

To study the subacute toxic effect of the leachates, the L1 
nematodes were ground in phosphate-buffered saline (PBS) 
and centrifuged following 72-h exposure to soluble extracts. 
The supernatants were assayed for superoxide dismutase 
(SOD) and catalase (CAT) activities by using commercial 
kits (Nanjing Jiancheng Institute, China) in accordance with 
the manufacturer’s instructions. Total protein was deter-
mined by the bicinchoninic acid (BCA) assay (Bradford 
1976). The results were expressed in terms of enzymatic 
activity per unit protein.

Related gene expression quantification of C. elegans

The exposed L1-nematodes (72-h exposure) were collected 
in 1.5-mL RNase-free tubes and washed three times with 
PBS. Total RNA was isolated using Trizol reagent (Thermo 
Fisher) (Kamireddy et al. 2018). Only high-quality RNA was 
used for cDNA synthesis using the qScript cDNA synthesis 
kit (Bio-Rad). qRT-PCR assays were performed using iTaq 
Universal SYBR Green Supermix (Bio-Rad) on a CFX Con-
nect™ Real-Time System (Bio-Rad, Hercules, CA, USA). 
The data were normalized using actin and analyzed using the 
comparative 2−ΔΔCt method (Wang et al. 2010b). Sequences 
and amplification efficiency of gene-specific primers are 
listed in Table S5.

Statistical analysis

The distribution map was created using ArcGIS 10.2 (Envi-
ronmental Systems Research Institute Inc., CA, USA). Fig-
ures were presented using GraphPad Prism 5 (GraphPad 
Software, CA, USA) or Origin 2018 (OriginLab, MA, USA). 
By using the SPSS Statistics 25.0 (IBM SPSS, Chicago, 
USA), a one-way analysis of variance followed by LSD 
for multiple groups was used to determine the differences 
between groups when analyzing survival rate and length. 
A two-tailed Student’s t test was used in Microsoft Excel 
(Microsoft Corp., WA, USA) to test the difference between 
control (K-medium) and experimental groups when analyz-
ing antioxidant enzymatic activity and gene expression. The 
difference was judged significant if the p-values were < 0.05. 
All values are expressed as means ± standard deviation (SE).

To analyze the relationship between metal concentra-
tions in exposure liquid from soils/sediments and endpoints 
of nematodes, we adopted the partial least squares regres-
sion (PLSR) method in SIMCA 14.1 (Umetrics, Sweden), 
without considering the collinearity between explanatory 
variables. The independent variable is the concentration of 
heavy metals, while the dependent variable is the nematode-
related biological indicators. When analyzing biological 
data, Q2 > 0.4 is acceptable (Westerhuis et al. 2008).

Results

Concentrations of heavy metals in soils, sediments, 
and water‑soluble extracts of soils, sediments

After the soil and sediment samples were digested, we deter-
mined the total amount of heavy metals (V, Cr, Ni, Cu, As, 
Pb, Mn, and Zn) (Fig. 2). The concentrations of five heavy 
metals including Ni, Cu, As, Pb, and Zn at eight sites were 
respectively 17.36 to 58.17 mg/kg, 79.03 to 1911.65 mg/
kg, 104.34 to 1726.66 mg/kg, 111.43 to 2351.72 mg/kg, 
and 116.48 to 3275.68 mg/kg, which all exceeded the cor-
responding soil background values of Guangdong Province 
(Ni: 14.4 mg/kg, Cu: 17 mg/kg, As: 8.9 mg/kg, Pb: 36 mg/
kg, Zn: 47.3 mg/kg). Except in E4, V and Cr concentrations 
were all above the corresponding soil background levels. 
The concentrations of Mn at E1, E2, E4, and E5 were higher 
than the soil background value. The highest concentrations 
of Ni, Cu, Mn, and Zn were located at E5; those of As and 
Pb were at E3; and that of V was at S2. The lowest concen-
tration of Cr was at E4. In addition, we also quantified the 
concentration of heavy metals (V, Cr, Ni, Cu, As Zn, Pb, 
and Mn) in the leachates and found the heavy metals in the 
water-soluble extracts were mainly Mn, Cu, Zn, Pb, As, and 
Ni (Table S6). The concentrations of these six heavy metals 
in the water-soluble extracts were highest at E3. We only 
detected the presence of Zn in the E3 and E4 extracts.

Assessment of potential ecological risk

To assess the degree of heavy metal pollution in the Daba-
oshan mining area, we calculated Ei and RI (Table  1). 
Overall, the average RI of metals in environmental samples 
around Dabaoshan Mine was classified as highly contami-
nated (RI = 721.53). RI was classified as very highly con-
taminated at E3, highly contaminated at E4 and E5, consid-
erably polluted at S1, S3, and E1, and moderately polluted 
at S2 and E2. The pollution levels of the eight heavy metals 
decreased in the following order: As > Cu > Pb > Zn > Ni 
> V > Cr > Mn. As, Cu, and Pb respectively exhibited very 
high pollution, high pollution, and moderate pollution. The 
remaining heavy metals showed low pollution. E3 had the 
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Fig. 2   Metal concentrations in 
soils and sediments collected in 
the Dabaoshan mining area (the 
figure was created in GraphPad 
Prism 5). A V concentrations. B 
Cr concentrations. C Ni concen-
trations. D Cu concentrations. E 
As concentrations. F Pb concen-
trations. G Mn concentrations. 
H Zn concentrations. Dashed 
lines represent soil background 
values in Guangdong Prov-
ince. Values are expressed as 
mean ± SE, mg/kg

Table 1   Potential ecological risk assessment of heavy metals around Dabaoshan mining areas

Sites Ei RI Risk grade(multi-metal)

V Cr Ni Cu As Pb Mn Zn

S1 3.02 3.44 8.86 141.64 129.84 33.55 0.76 4.69 325.80 Considerable
S2 5.62 3.16 10.26 23.24 148.33 15.62 0.79 2.46 209.49 Moderate
S3 3.02 3.39 9.38 134.70 190.69 32.77 0.49 5.38 379.81 Considerable
E1 3.05 3.18 14.47 193.41 228.26 25.52 1.69 10.00 479.59 Considerable
E2 2.77 2.87 7.66 137.35 117.23 15.48 1.02 3.40 287.78 Moderate
E3 3.36 3.07 6.03 217.35 1940.07 326.63 0.74 20.68 2517.94 Very high
E4 0.67 0.84 14.26 429.29 158.79 15.72 7.11 47.58 674.27 High
E5 2.67 2.91 20.20 562.25 195.74 36.22 8.30 69.25 897.54 High
Mean 3.02 2.86 11.39 229.90 388.62 62.69 2.61 20.43 721.53 High
Risk grade
(individual)

Low Low Low High Very high Moderate Low Low
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highest potential ecological risk (RI = 2517.94) and exhib-
ited the most severe As pollution (Ei = 1940.07).

Health risk assessment

To further analyze the hazards of heavy metals in mining 
areas to humans, health risk assessment was carried out. In 
this study, three populations (men, women, and children) 
were considered. We calculated the average concentrations 
of heavy metals in three soil samples collected in Liangqiao 
Village and assessed the non-carcinogenic risk of six heavy 
metals (Cr, As, Pb, Ni, Cu, and Zn) and the carcinogenic 
risk of As. Table 2 presents the results of non-carcinogenic 
effects. The mean HQO and HQABS of all metals of adults 
were < 1, which indicated that these elements in soils posed 
a minimal risk to them. The mean HQO and HQABS of chil-
dren were < 1 for most metals, although the mean HQO 
of Pb was > 1. We concluded that the highest risk of non-
carcinogenic effects in children was related to Pb exposure 
(HQO = 1.09, HI = 1.24).

The results of carcinogenic risk related to As are also 
presented in Table 2. The carcinogenic risk values of As 
in adults were 1.46 × 10−4 (men) and 1.63 × 10−4 (women) 
which exceeded the standard value 1 × 10−4 and indicated 
that ingestion and dermal absorption of soils in Liangqiao 
Village over the human lifespan could increase the carci-
nogenic risk. However, the carcinogenic risk value of As 
for children was 7.06 × 10−5, which was between 1 × 10−4 
and 1 × 10−6. Therefore, the carcinogenic risk for children 
depended on the situation and circumstances of exposure.

Survival rate and body length of C. elegans exposed 
to water‑soluble extracts of soils and sediments

According to the above, it is not enough to analyze the risk 
of heavy metal pollution based only on the total amount of 

metals. Therefore, we carried out nematode toxicity experi-
ments with water-soluble extracts to determine the ecotoxic-
ity of the samples. The effect of the extracts on nematode 
growth and survival is shown in Fig. 3. After 24-h exposure, 
a significant decrease in survival rate was observed in E3 
(1:20 dilution, 1:1000 dilution, 1:1500 dilution, 1:2000 dilu-
tion) and E4 (1:20 dilution, 1:50 dilution); this showed a 
possible dose-dependency (Fig. 3A, B, and C). At the same 
time, body length of C. elegans was significantly inhib-
ited when exposed to E3 (1:1000 dilution, 1:1500 dilution, 
1:2000 dilution) and E4 (1:50 dilution, 1:100 dilution) and 
exhibited a possible dose-dependency (Fig. 3D, E, and F). In 
addition, extracts of S3 (1:20 dilution) inhibited the growth 
of C. elegans. The remaining diluted sample extracts did not 
significantly affect survival rate and body length.

Antioxidant enzymatic activity of C. elegans 
exposed to water‑soluble extracts of soils 
and sediments

Because extracts from these samples were found to inhibit 
nematode growth, we further speculated that oxidative stress 
damage might occur in the exposed nematodes. Therefore, 
the activity of related enzymes including CAT and SOD 
was measured. The extracts for E3 (1:1500 dilution) and 
E4 (1:100 dilution) were chosen by referring to the above 
results. Other extracts were diluted 20 times for this test. 
When compared with the control, only E4 extracts (1:100 
dilution) resulted in significantly increased CAT (2.38-fold) 
and SOD (0.65-fold) activities (Fig. 4).

Gene expression of C. elegans exposed 
to water‑soluble extracts of soils and sediments

To further explore the underlying molecular mechanism, 
the expression of oxidative stress-related genes (sod-3, 

Table 2   Non-carcinogenic and carcinogenic risk under different routes of exposure

Metal Cr As-non cancer As-cancer Pb Ni Cu Zn

HQO Men 1.96E − 05 1.62E − 01 4.91E − 01 4.79E − 04 2.97E − 03 2.30E − 04
Women 2.30E − 05 1.90E − 01 5.76E − 01 5.61E − 04 3.48E − 03 2.70E − 04
Child 4.34E − 05 3.59E − 01 1.09E + 00 1.06E − 03 6.57E − 03 5.10E − 04

HQABS Men 2.00E − 03 1.61E − 01 9.77E − 02 1.39E − 01 9.84E − 03 1.53E − 04
Women 2.12E − 03 1.71E − 01 1.04E − 01 1.47E − 01 1.04E − 02 1.62E − 04
Child 3.11E − 03 2.51E − 01 1.52E − 01 2.16E − 01 1.53E − 02 2.38E − 04

HI Men 2.02E − 03 3.23E − 01 5.89E − 01 1.39E − 01 1.28E − 02 3.83E − 04
Women 2.15E − 03 3.61E − 01 6.80E − 01 1.48E − 01 1.39E − 02 4.32E − 04
Child 3.15E − 03 6.10E − 01 1.24E + 00 2.17E − 01 2.19E − 02 7.47E − 04

Cancer risk Men 1.46E − 04
Women 1.63E − 04
Child 7.06E − 05
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Fig. 3   Survival rate (A, B, C) 
and body length (D, E, F) of 
C. elegans exposed to diluted 
extracts (the figure was created 
in GraphPad Prism 5). Except 
for E3 and E4 extracts, all 
other extracts were diluted 20 
times. Values are expressed 
as means ± SE. *p < 0.05 and 
**p < 0.01, compared with the 
control (K-medium) by LSD in 
SPSS Statistics 25.0

Fig. 4   Activity of the anti-
oxidant enzymes CAT (A) 
and SOD (B) (the figure was 
created in GraphPad Prism 5). 
Except for E3 and E4 extracts, 
all other extracts were diluted 
20 times. Values are expressed 
as means ± SE. *p < 0.05 and 
**p < 0.01, compared with 
the control (K-medium) by 
two-tailed Student’s t test in 
Microsoft Excel
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ctl-2, gst-4), as well as the expression levels of metal-
lothionein-related genes (mtl-1, mtl-2) and a pro-apoptotic 
gene (egl-1), was analyzed in exposed C. elegans. As 
depicted in Fig. 5A and B, the expression of sod-3 was up-
regulated after exposure to S1 (1:20 dilution) (2.06-fold) 
and S2 (1:20 dilution) (2.13-fold) extracts, and the expres-
sion of gst-4 was up-regulated after exposure to S1 (1:20 
dilution) (0.99-fold) and E4 (1:100 dilution) (6.22-fold) 
extracts. No significant change on the expression of ctl-2 
was observed following exposure to all leachates (Fig. 5C). 
The expression of egl-1 was up-regulated after exposure to 
S2 extracts (1:20 dilution) (3.82-fold) (Fig. 5D) and apop-
tosis was also observed (result not shown). The expression 
of mtl-1 was up-regulated after exposure to S1 (1:20 dilu-
tion) (4.80-fold) and S2 (1:20 dilution) (3.05-fold) extracts 
(Fig. 5E) and the expression of mtl-2 was up-regulated 
after exposure to S1 (1:20 dilution) (2.58-fold), E2 (1:20 
dilution) (4.19-fold), E3 (1:1500 dilution) (6.40-fold), and 
E5 (1:20 dilution) (1.25-fold) extracts (Fig. 5F).

Links between heavy metals in exposure liquids 
and endpoints of C. elegans

Combining the overall pollution level of heavy metals in 
the Dabaoshan mining area and related toxic effects of the 
polluted soils or sediments, PLSR analysis was performed 
to determine which heavy metals had the most impact on 
the nematode endpoints. To achieve strong prediction abil-
ity of the PLSR model for the eight endpoint changes (sur-
vival, length, SOD activity, CAT activity, sod-3, gst-4, egl-
1, and mtl-2 gene expression), the number of components 
required is summarized in Table 3. In the survival model, we 
extracted three components that accounted for 99.2% of the 
survival variation. In models containing length, SOD activ-
ity, CAT activity, and sod-3 expression, two components 
were extracted that accounted for 89.1%, 85.5%, 93.3%, and 
93.1% of the corresponding variability in endpoint changes. 
In gst-4, egl-1, and mtl-2 expression models, only one com-
ponent was extracted. The models for gst-4, egl-1, and mtl-2 

Fig. 5   Changes in gene 
expression levels of nematodes 
exposed to diluted extracts (the 
figure was created in GraphPad 
Prism 5). A sod-3, B gst-4, C 
ctl-2, D mtl-1, E mtl-2, F egl-1. 
Except for E3 and E4 extracts, 
all other extracts were diluted 
20 times. Values are expressed 
as means ± SE. *p < 0.05 and 
**p < 0.01, compared with 
the control (K-medium) by 
two-tailed Student’s t test in 
Microsoft Excel
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expression could explain 76.6%, 65.8%, and 78.8% of the 
corresponding variability in gene expression, respectively.

Variable importance for the projection (VIP) values 
and regression coefficients (RCs) in Fig. 6 reflect the rela-
tive importance of explanatory variables. Predictors with 
VIP values < 1 are not important for prediction purposes; 
therefore, the discussion is limited to variables with VIP 
values > 1. Pb had a significant negative impact on the 
nematodes survival and growth. The higher the Pb content, 
the greater the inhibitory effect on survival and growth, 
as reflected by the negative RCs (Fig. 6A and B). Cu con-
tent was also negatively correlated with nematode growth 
(Fig. 6B). In the SOD activity model, the increase in enzy-
matic activity was associated with high Pb, As, and Ni 
concentrations (Fig. 6C). However, the increase in CAT 
activity was associated with high Cu and Cr concentrations 
(Fig. 6D). In the gene expression models (Fig. 6E–H), higher 
expression of sod-3 was correlated with higher V and As 
concentrations; higher expression of gst-4 and egl-1 was 
both correlated with higher V, Cr, and As concentrations; 
and higher expression of mtl-2 was correlated with higher 
Cu and Pb concentrations.

Discussion

As a result of the long-term discharge of AMD into the 
river from Dabaoshan Mine, local agricultural water and 
drinking water have been contaminated with high levels of 
toxic heavy metals (Chen et al. 2007). In the current study, 
we analyzed eight river sediments and farmland samples 
along the flow direction of tailing wastewater and Fandong 
Reservoir to provide a full investigation into the pollution 
characteristics of the Dabaoshan mining area. Generally, 

the risk of heavy metals in the Dabaoshan mining area was 
very high due to serious As, Pb, and Cu pollution. We also 
found that the potential ecological risk degree of Pb, Cu, 
and Zn was ranked as Cu > Pb > Zn, which was consistent 
with a previous study (Shu et al. 2018). The concentra-
tion of Zn in the samples from this mining area was very 
high. However, the presence of Zn was only detected in the 
extracts of E3 and E4. We guessed this was related to the 
distance from AMD (E3 and E4 were located at AMD and 
its downstream (2.9 km), respectively). Local wastewater 
treatment might also play an important role. Additionally, 
the potential ecological risks of heavy metals in these sam-
ples were related to geographical location. First, E3 came 
from the pollution source of acid wastewater discharge; 
therefore, the pH of leachates was very low. The use of 
quicklime in the treatment process caused the alkalinity 
of E4 to increase. This was consistent with the highest 
ecological risk of E3. Second, the potential ecological risk 
of heavy metals at E3 and its downstream samples (E4 and 
E5) was higher than that of the Fandong Reservoir sample 
(E1) and its downstream sample (E2). Although the sew-
age treatment plant treated the wastewater from E3, its 
scale was too small, so the downstream sediments (E4 and 
E5) still had a high risk. Finally, Liangqiao Village was 
about 3.6 km away from the mining area, and its farmlands 
(S1, S2, S3) were moderately or heavily polluted, which 
was consistent with a previous study that showed farmland 
contamination was caused by irrigation of Hengshi River 
water which was polluted by AMD (Zhao et al. 2012). 
Although the total number of samples was relatively small, 
representative sampling points were selected according to 
the direction of water flow, and degree of heavy metal pol-
lution of various heavy metals was analyzed in soils and 

Table 3   Summary of PLSR 
model for changes in the 
biological endpoints of 
nematodes

Y R2 Q2 Component Explained vari-
ability in Y (%)

Cumulative explained 
variability in Y (%)

Q2 cum

Survival 0.992 0.640 1 0.726 0.726 0.150
2 0.208 0.934 0.553
3 0.058 0.992 0.640

Length 0.891 0.455 1 0.724 0.724 0.154
2 0.167 0.891 0.455

SOD activity 0.855 0.566 1 0.594 0.594 0.279
2 0.261 0.855 0.566

CAT activity 0.933 0.737 1 0.758 0.758 0.533
2 0.174 0.933 0.737

sod-3 0.931 0.780 1 0.835 0.835 0.708
2 0.096 0.931 0.780

gst-4 0.767 0.522 1 0.767 0.767 0.522
egl-1 0.658 0.479 1 0.658 0.658 0.479
mtl-2 0.788 0.562 1 0.788 0.788 0.562
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sediments, providing valuable information for studying the 
migration of toxic heavy metals in AMD.

For plants, exposure to heavy metals can reduce chloro-
phyll content and seed germination rate (Zeng et al. 2012). 
For people, exposure to heavy metals can reduce energy 
levels and damage the function of the brain, lungs, kid-
neys, and liver, and even cause cancer (Jaishankar et al. 
2014). Our research showed substantial health risks of 
As in these samples, especially in terms of carcinogenic 
risk, which was higher than that of a previous study which 
reported the carcinogenic risk of As was between 2 × 10−5 

and 5 × 10−5 (the EPA accepts risks in the range of 10−6 to 
10−4) (Li et al. 2014). These might be because our research 
area was smaller and closer to Dabaoshan Mine. Further-
more, we found that the non-carcinogenic risk for chil-
dren was higher than that for adults from these samples. 
This might be caused by children’s behavioral and physi-
ological characteristics, such as soil activity from hand 
to mouth, higher respiration rate, and increased gastroin-
testinal absorption of certain substances (Li et al. 2002). 
Therefore, it is recommended that children should reduce 
outdoor activities in these contaminated areas.

Fig. 6   The projected importance 
(VIP, bar graph) and regression 
coefficients (RCs, lines) of each 
predictor of the change in the 
biological endpoint of nema-
todes (the figure was created 
in Origin 2018). A Survival; B 
length; C SOD activity; D CAT 
activity; E sod-3; F gst-4; G 
egl-1; H mtl-2. All predictors 
were ranked, and the dotted 
line represents the threshold 
above which the predictors are 
considered to be important for 
explanatory purposes
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The biological effects observed in the mixed metal expo-
sure in the laboratory cannot be used to predict the bio-
logical toxicity effects of the complex environment directly 
(Kumar et al. 2015). C. elegans have been used for rapid 
assessment of heavy metal toxicity in acidic environments. 
Previous studies reported that heavy metals could induce the 
death of C. elegans and inhibit its growth, which was also 
observed in our study (Tiwari et al. 2020; Wang et al. 2009). 
In addition, the toxicity of the extracts was also related to 
geographic location, that was, the survival rates and body 
length of nematodes exposed to E3 leachate were lower 
than those exposed to E4 leachate. From the PLSR model of 
phenotype index (survival and body length), the key heavy 
metals that inhibited the survival and growth of nematodes 
were identified, and the explanation rate was as high as 90%. 
Pb had a significant negative effect on survival and growth, 
and growth was also regulated by Cu. When compared with 
a previous study where Spearman’s rank correlations were 
used to assess the association between metals and toxic-
ity endpoints, our analysis was more comprehensive and 
empiric (Tejeda-Benitez et al. 2016).

SOD and CAT enzymes are the primary antioxidant 
enzymes in cells (Wang et al. 2019a). In our study, we found 
elevated activity of SOD and CAT enzymes in nematodes 
exposed to the extracts. Through the PLSR model, we fur-
ther found that their activity increased with the increase 
in exposure concentration of corresponding heavy metals 
(SOD: Ni, As, Pb; CAT: Cu, Cr). A previous study reported 
that the increase in enzymatic activity was to quickly 
remove superoxide free radicals and H2O2 generated during 
the body’s metabolism to protect cells from stress damage 
(Song et al. 2014). In addition, the expression of oxidative 
stress-related genes was up-regulated and increased with 
the increase in heavy metal concentration. Many studies 
have combined and correlated ROS assays and gene expres-
sion changes when analyzing oxidative damage (Xiao et al. 
2018), while our study measured related enzymatic activity 
and gene expression. The results of this study confirmed 
from the molecular level and biochemical level that the 
sample extracts contaminated by heavy metals could induce 
oxidative stress and produce toxic effects. Our PLSR model 
results were also consistent with experimental results. In 
addition to increasing the level of oxidative stress, the over-
expression of heavy metal-induced metallothionein genes 
could protect cells from reactive oxygen species (Zeitoun-
Ghandour et al. 2011) and the up-regulation of a pro-apop-
totic gene could eliminate damaged cells (Craig et al. 2012). 
While the expression of mtl-2 was not induced by coal min-
ing area samples in a previous study, which was different 
from our study (Turner et al. 2013). This might be because 
the concentration of heavy metals such as Cu that effectively 
induced the expression of metallothionein was at low levels 
in coal mining area samples.

In this study, we used C. elegans as a well-established 
model organism to evaluate ecological and human health 
risk of heavy metals in different locations of Dabaoshan 
mining area and applied PLSR models to analyze the rela-
tionship between the concentrations of heavy metals in 
extracts and toxicity endpoints of exposed C. elegans. As, 
Cu, and Pb respectively exhibited very high pollution, high 
pollution, and moderate pollution according to the poten-
tial ecological risk assessment result. In addition, a previ-
ous study reported that even if the well water in the mining 
area was diluted 51 times, the 24-h lethality rate of Daph-
nia carinata was 82% (Chen et al. 2007). The carcinogenic 
risk of As for adults was higher than 10−4, indicating that 
ingestion and dermal absorption from soils in Liangqiao Vil-
lage over a long lifetime could increase the probability of 
cancer. While the high risk of non-carcinogenic effects in 
children was related to Pb exposure. PLSR results showed 
that the high-concentration heavy metals in the water-soluble 
extracts inhibited the survival rate and growth of C. elegans. 
Gene expression and enzymatic activity related to oxidative 
stress were increased. In addition, genes related to apoptosis 
and metallothionein were also affected. This study provided 
evidence on the toxicity of soil and sediment extracts in the 
Dabaoshan mining area and both provided a reliable method 
for environmental health risk assessment in similar regions.
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