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1. Introduction

Soil plays a fundamental role in ecosystem functioning, and thus 
it is critical to safeguard soil health [1]. However, soil heavy metals 
(HMs) pollution has become a severe problem in many parts of 
the world [2]. For instance, up to 20% of China’s arable lands 
were predicted to be contaminated by HMs [3]. Hezhang County, 
located in the northwestern part of Guizhou Province (China) and 
in the upper reaches of the Yangtze River, is well-known for its 
long history of Pb/Zn smelting activities [4]. Moreover, farmland 
soils in this region also suffered severe HMs pollution due to 
the careless discharge of wastes during smelting activities. Our 
previous studies found that farmland soils in this region were 
heavily contaminated by multiple HMs, including Pb, Zn and 
Cd [5]. HMs pollution in this region would cause serious harm 
to local residents, as well as to residents in the lower reaches 
of Yangtze River. Thus, it is important to develop and implement 

strategies to reduce the environmental hazard of soil HMs 
pollutions.

Recently, bioremediation has achieved much attention, because 
it is low-cost, environmental-friendly, and efficient [6]. Bacteria 
and fungi, isolated from HMs contaminated soils or sediments, 
have been widely used for remediation of HMs [7, 8]. Under 
long-term HMs stress, microbial communities could develop differ-
ent mechanisms to tolerate HMs [9], and long-term HMs con-
taminated soils could be sinks of HMs-tolerant microorganisms, 
which could be used for HMs bioremediation. Lots of studies 
had been conducted to analyze the effects of HMs on soil microbial 
community structure and functions, but contrasting results were 
reported in the literature. Some reported that long-term HMs con-
tamination reduced soil microbial activity and diversity, reflecting 
the toxic effects of HMs on soil microbial community [10, 11]; 
while others reported that activity of a well-adapted microbial 
community in heavily contaminated soil was not obviously affected 
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by HMs contaminations [12, 13]. Moreover, under natural con-
ditions, metal effects on soil microorganisms are influenced by 
soil properties, such as organic matter (OM) content, pH, and 
the availability of N, P, and K [14]. Thus, the microbial character-
ization of HMs contaminated soils could reveal the adaptation 
of soil microbial community to different environmental factors, 
and thus benefit the isolation of HMs tolerant microorganisms.

Soil microbial activity is often evaluated for HMs contaminated 
soils [15]. In the present study, activity analyses of two different 
enzymes, namely fluorescein diacetate (FDA) hydrolysis and ure-
ase, combined with microcalorimetric analysis were conducted 
to predict soil microbial activity. Activity of FDA hydrolysis has 
been widely used as an indicator of overall soil microbial activity 
[16], whereas urease is closely linked to nitrogen mineralization 
potential and is required in converting urea into a usable form 
for plants [17]. Microcalorimetry can detect the metabolic heat 
flux produced during microbial growth, thus providing quantitative 
information on growth process [18], and lots of studies had already 
used microcalorimetry to quantitatively evaluate the effects of differ-
ent pollutants on soil microbial activity [19, 20]. Additionally, MiSeq 
high-throughput sequencing technique was used to analyze soil 
bacterial community structure, because it provides a direct way 
to detect the microbial taxa [21], especially for those with low 
abundance. This approach has been widely used in analysis of 
soil microbial structure in different contaminated sites [12, 22].

In the present study, soil samples were collected from long-term 
contaminated sites, and the physicochemical and microbiological 
characteristics of these samples were evaluated. The objectives 
of present study were: 1) to investigate the impacts of HMs con-
tamination combined with other soil properties on soil microbial 
community; and 2) to reveal the adaptation of soil microbial com-
munity to long-term HMs stress. Results of present study could 
contribute to the isolation of microbial resources, as well as the 
bioremediation strategies of HMs contaminated sites.

2. Materials and Methods

2.1. Soil Sampling

Soil samples were collected near an abandoned ore dressing plant 
in Hezhang County (104°33' E, 26°58' N). This area is covered 
by red soil, which is widely distributed in Guizhou Province. 
Five different top soil (0-20 cm) samples (S1 to S5), contaminated 
by increasing concentrations of Pb, were collected based on prelimi-
nary in situ determination results using a Niton XL3t-800 X-ray 
fluorescence apparatus (XRF, Thermo Fisher Scientific, USA). All 
samples were ground and sieved at < 2 mm to remove plant 
residuals, soil macro fauna, and stones. Two aliquots were taken 
for each sample: one aliquot was air-dried, ground, and sieved 
at < 0.125 mm for determination of soil physicochemical character-
istics and HMs concentrations. The other aliquot was stored at 
4oC for subsequent microbial activity and community analyses.

2.2. Determination of Soil Physicochemical Properties

Soil pH value was determined using a pH-meter (OHAUS Starter 
2C) by immersing the electrode into the supernatant of the soil 

suspension (distilled water-to-soil ratio was 5:1, w/w). OM content 
was determined by the potassium dichromate volumetric method 
quoted by Xun et al [23]. Total nitrogen content was determined 
by the Kjeldahl method [24, 25]. Available phosphorus content 
was determined using the Olsen method described by Jones et 
al [26]. Available potassium content was determined by flame 
photometry after ammonium acetate extraction [27].

Total concentrations of HMs were determined after digestion 
in aqua regia. Available HMs were extracted using 0.1 M HCl 
at 180 r/min for 1.5 h [28]. HMs concentrations in extraction sol-
utions were then determined using an inductively coupled plasma–
optical emission spectrometer (ICP-OES, iCAP 7200, Thermo Fisher 
Corporation, USA).

2.3. Determination of Soil Enzyme Activities

FDA hydrolysis activity was determined using the method quoted 
by Yuan et al [29]. The determination was conducted after incubat-
ing soil samples with FDA solution for 20 min at 28oC. The concen-
tration of fluorescein released from FDA hydrolysis was measured 
spectrophotometrically at 490 nm. FDA hydrolysis activity was 
expressed as μg fluorescein/g soil.

Urease activity was determined using a modified method accord-
ing to previous literature [20]. The determination was conducted 
after the incubation of soil samples with a urea solution for 2 
h at 37oC. The concentration of NH4

+ ions released from urea 
hydrolysis was determined spectrophotometrically at 578 nm. 
Urease activity was expressed as μg NH3-N/g soil.

2.4. Microcalorimetric Analysis

A TAM-III multi-channel thermal activity microcalorimeter (TA 
Instruments, Delaware, USA) was used for the microcalorimetric 
measurements of soil samples. For each sample, 1.0 g of soil was 
weighed into a 4.5 mL steel ampoule, and then 0.2 mL of nutrient 
solution (containing 5.0 mg of glucose and 5.0 mg of ammonium 
sulfate) was added [30]. Ampoules were put inside the micro-
calorimeter for heat flow recording at 28oC until the signal returned 
to baseline.

Two microcalorimetric parameters, namely tmax (min, the time 
required to reach the maximum heat output) and Pmax (μW, the 
maximum heat output), could be obtained directly from the power–
time curve for each sample. The microbial growth rate constant 
k (min-1) was obtained from the equation:

ln  ln  (1)

where Pt is the power output at time t, and P0 is the power at 
the beginning of the exponential growth phase.

2.5. Bacterial Community Structure Analysis

For each sample, 1.0 g of soil was used for soil DNA extraction 
using Soil DNA Kit (Omega Bio-tek, GA, USA) according to the 
manufacturer’s protocols. PCR amplification of V3-V4 regions of 
bacterial 16S rRNA was performed in GeneAmp PCR-System® 
9700 (Applied Biosystems, CA, USA), using universal primers 
as 338F (5’-ACT CCT ACG GGA GGC AGC AG-3’) and 806R (5’-GGA 
CTA CHV GGG TWT CTA AT-3’). PCR amplification reaction was 
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carried out in a 20 μL mixture containing 4 μL of 5 × FastPfu 
Buffer, 2 μL of dNTPs, 0.8 μL of each primer solution, 0.4 μL of 
FastPfu Polymerase, and 10 ng of 4 μL DNA template. The procedure 
of PCR amplification reaction was as follows: 95oC for 3 min; and 
27 cycles of 95oC for 30 s, 55oC for 30 s, and 72oC for 45 s; 72oC 
for 10 min. PCR amplification products were detected using 2% 
agarose gel electrophoresis and extracted using AxyPrep DNA Gel 
Extraction Kit (Axygen Biosciences, CA, USA). Purified amplifica-
tion products were sequenced on an Illumina MiSeq platform at 
Shanghai Majorbio Biotech Co., Ltd. Sequencing data were analyzed 
according to the method described by Zhang et al [31]. The taxonomic 
classification of each sequence was analyzed by RDP Classifier 
against the Silva database using confidence threshold of 0.70.

2.6. Statistical Analysis
All parameters were detected with three replicates and results were 
given in mean value. Correlation coefficient analysis were performed 
by SPSS PSSW statistics 18.0 (SPSS Inc., New York, USA), and 
graphs were prepared using Origin 8.5 (OriginLab, MA, USA).

3. Results and Discussion

3.1. Soil Physicochemical Characteristics

The chemical parameters of five soil samples were shown in Table 1. 
All soil samples were slightly acidic. S2 had the highest contents 
of total nitrogen (N), available phosphorus (P), and OM, namely 
1.68 g/kg, 36.19 mg/kg, and 102.66 g/kg, respectively. S3 had the 
highest available potassium (K) content as 241.05 mg/kg. S1 had 
the lowest contents of total N (0.52 g/kg), available P (6.04 mg/kg), 
available K (78.04 mg/kg), and OM (20.50 g/kg), showing its lowest 
nutrient contents.

3.2. Soil HMs Concentrations
Table 1 summarized the concentrations of total and available HMs 
in these samples. Except for S1 with the concentration of total 

Pb being < 80 mg/kg, the Grade II standard value established 
by Ministry of Environmental Protection of the People's Republic 
of China, the other samples had increasing concentrations of Pb 
higher than the standard value. Especially, the highest concen-
tration of total Pb (759.3 mg/kg), observed at S5, was almost 9.49-fold 
of the standard value. Except for Pb, high concentrations of other 
HMs, namely Zn, Cu, and Cd, were also observed in these samples. 
Total Zn concentrations of these samples were higher than the 
standard value (200 mg/kg). The highest concentration of total 
Zn at S4 (2,119.3 mg/kg) was 10.60-fold of its standard value. 
Total Cu concentrations of these samples were obviously greater 
than the standard value for total Cu (50 mg/kg). For total Cd, 
the highest concentration was 27.3 mg/kg at S4, followed by the 
value at S2 as 11.9 mg/kg, which were 90.97- and 39.80-fold of 
its standard value. These results reflected the enrichment of these 
HMs caused by human activities. However, total HMs concen-
trations in long-term contaminated soils could not be precise in-
dices for evaluating the effects of HMs on soil microorganisms 
[32], because HMs bioavailability can change following their phys-
icochemical interactions with the soil matrix [13]. Thus, concen-
trations of 0.1 M HCl extracted HMs were also determined to 
predict their bioavailability. S5 had the highest concentration of 
0.1 M HCl extracted Pb (HCl-Pb) as 681.0 mg/kg. Slight variations 
were observed in HCl-Zn concentrations of samples S2-S4, which 
were still higher than that of S1. Samples S4 and S2 shared the 
highest concentrations of HCl-Cd, as 18.9 mg/kg and 7.6 mg/kg, 
respectively.

3.3. Soil Microbial Activities

Table 2 summarized the results of two soil enzyme activity analyses. 
S4 had the greatest value of FDA hydrolysis activity as 67.17 
μg fluorescein/g soil, followed by that of S2, which was 64.82 
μg fluorescein/g soil. All the values of FDA hydrolysis activity 
followed a trend as S4 > S2 > S3 > S5 > S1. Urea activity also 
showed large inter-sample variations. Urease activities at S2 and 
S4 were the greatest among these samples, which were 125.02 μg 

Table 1. Main Physicochemical Properties of Soil Samples (mean±SD, n = 3)

Soil samples S1 S2 S3 S4 S5

pH 6.14 ± 0.09    6.35 ± 0.08  6.11 ± 0.04  5.91 ± 0.03  6.32 ± 0.05

Total N (g/kg) 0.52 ± 0.06    1.68 ± 0.07  0.66 ± 0.05  1.25 ± 0.08  0.59 ± 0.06

Available P (mg/kg) 6.04 ± 0.35   36.19 ± 1.91  31.89 ± 2.27 31.89 ± 0.71  9.43 ± 0.51

Available K (mg/kg) 78.04 ± 0.52  103.62 ± 1.66 241.05 ± 1.3 92.04 ± 1.22 122.34 ± 1.51

OM (g/kg) 20.50 ± 4.62  102.66 ± 3.71  36.32 ± 1.19 98.04 ± 0.86 35.08 ± 3.92

Pb (mg/kg) 67.4 ± 1.6  361.7 ± 7.7 435.4 ± 2.8 738.1 ± 7.7 759.3 ± 11.4

Zn (mg/kg) 307.3 ± 12.2  1,161.3 ± 22.1  749.0 ± 17.6 2,119.3 ± 15.1 1,112.7 ± 13.3

Cu (mg/kg) 272.3 ± 7.1  239.4 ± 4.3 275.9 ± 5.6 291.4 ± 2.3 373.7 ± 0.4

Cd (mg/kg)  3.7 ± 0.2   11.9 ± 0.9   5.9 ± 0.3  27.3 ± 1.3  7.2 ± 0.2

HCl-Pb (mg/kg) 33.0 ± 1.9  106.8 ± 2.8  258.8 ± 29.3  245.3 ± 9.4 681.0 ± 33.9

HCl-Zn (mg/kg) 62.2 ± 2.0  191.0 ± 2.1 166.7 ± 7.3  222.4 ± 1.9 206.9 ± 1.5

HCl-Cu (mg/kg) 17.2 ± 0.2   14.3 ± 0.2  41.0 ± 1.6   31.0 ± 1.1 69.3 ± 2.7

HCl-Cd (mg/kg) 2.1 ± 0.2    7.6 ± 0.2  3.5 ± 0.1   18.9 ± 0.8  4.5 ± 0.1
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NH3-N/g soil and 23.74 μg NH3-N/g soil, respectively. The values 
of urease activity followed a trend as S2 > S4 > S3 > S5 > S1. 

As shown in Fig. 1, differences in the shape of the power-time 
curves of soil samples were observed, showing the large variations 
in their microbial metabolic activities. The microcalorimetric pa-
rameters (Pmax, tmax, and k), calculated from the power-time curves, 
were shown in Table 2. S4 had the greatest value of Pmax as 779.59 
μW. S2 also shared higher value of Pmax when compared with 
others, which was 477.91 μW. The trend in Pmax values is the 
same as that of FDA hydrolysis activity values. The tmax values 
could represent differences in metabolic activities of soil micro-
organisms, and a high tmax value might represent a consequence 
of metabolism delay [29]. S2 shared the lowest value of tmax as 
1,037.00 min, suggesting that microorganisms in this sample might 
share the most sensitivity and ability to consume the added glucose 
and thus produce heat. Soil microbial growth rate constant k values 
reflect differences in the amplification rate of soil microorganisms 
during the exponential growth period [30]. S2 and S4 shared the 
greatest values of k (4.26 × 10-3 min-1 and 3.73 × 10-3 min-1, 
respectively), while S1 shared the lowest value of k as 2.06 × 
10-3 min-1. The trend in k values was S2 > S4 > S3 > S5 > 
S1, which was the same as that of urease activity values.

Earlier studies suggested that higher Pmax value, lower tmax value, 
and higher k value were good indicators of high microbial activity 
[33]; meanwhile, FDA hydrolysis and urease activities are also related 
with soil microbial activity. Both enzyme activity and micro-
calorimetric analyses showed that S2 and S4 shared relatively higher 
microbial activity than others, although these two samples also con-
tained relatively higher concentrations of total and available HMs. 
However, S1 shared the lowest microbial activity, al though HMs 
concentrations in this sample were the lowest. These results were 
contrary to some studies, which reported negative relationships 
between HMs concentrations and soil microbial activities [10, 11]. 

Fig. 1. Power-time curves recorded microcalorimetrically from samples 
amended with glucose and ammonium sulfate.

Correlation coefficient analysis was performed to find the possi-
ble relationships between physicochemical parameters and micro-
bial activity related parameters, and results were shown in Table 3. 
Significantly positive correlations were observed between OM and 
soil microbial activity related parameters, namely OM-FDA hydrol-
ysis activity (0.94, p < 0.01) and OM-k (0.93, p < 0.01). Meanwhile, 
available P also showed significantly positive correlation with FDA 
hydrolysis activity (0.92, p < 0.01) and k (0.93, p < 0.01). Total 
N also positively correlated with FDA hydrolysis activity (0.89, 
p < 0.01) and k (0.94, p < 0.01). These results reflected the stim-
ulation effects of OM, available P, and total N on soil microbial 
activity, and two possible reasons could be taken into consideration 
when analyzing their effects on soil microbial activity in HMs 
contaminated soil. Firstly, these substances could be used as 

Table 2. The Results of Enzyme Activity and Microcalorimetric Analyses (mean±SD, n = 3)

Soil 
samples

Enzyme activity Microcalorimetric parameters

FDA hydrolysis activity
(μg/g soil)

Urease activity
(μg NH3-N/g soil)

k
(min-1 × 10-3)

tmax

(min)
Pmax

(μW)

S1 30.95 ± 1.61 9.04 ± 0.58 2.06 ± 0.07 1,970.50 ± 15.50 407.36 ± 9.18

S2 64.82 ± 7.00 125.02 ± 4.08 4.26 ± 0.13 1,037.00 ± 22.00 477.97 ± 20.03

S3 48.49 ± 3.59 19.22 ± 5.02 3.04 ± 0.06 1,115.00 ± 5.77 427.06 ± 7.48

S4 67.17 ± 2.37 23.74 ± 2.67 3.73 ± 0.08 1,117.50 ± 20.02 779.59 ± 12.65

S5 32.33 ± 4.90 11.17 ± 2.43 2.12 ± 0.06 1,681.50 ± 13.31 397.19 ± 11.52

Table 3. Correlation Matrix between Physicochemical and Biological Parameters of Soil Samples

pH Total N Available P Available K OM Pb Zn Cu Cd HCl-Pb HCl-Zn HCl-Cu HCl-Cd

FDA -0.31 0.89* 0.92* -0.02 0.94* 0.28 0.73 -0.53 0.78 -0.32 0.60 -0.43 0.77

Urease 0.49 0.87 0.61 -0.17 0.71 -0.15 0.15 -0.60 0.14 -0.36 0.26 -0.52 0.12

k -0.10 0.94* 0.93* 0.00 0.93* 0.16 0.59 -0.62 0.63 -0.37 0.54 -0.49 0.61

tmax 0.17 -0.73 -0.99** -0.40 -0.76 -0.36 -0.59 0.42 -0.55 0.12 -0.68 0.17 -0.54

Pmax -0.74 0.52 0.50 -0.30 0.71 0.47 0.89* -0.14 0.98** -0.14 0.50 -0.21 0.98**

 * Correlation coefficients statistically significant at p < 0.05
** Correlation coefficients statistically significant at p < 0.01
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nutrients and carbon sources, which will stimulate the growth 
of soil microorganism. Secondly, available P and OM could reduce 
the availability and toxicity of HMs, thus indirectly stimulating 
soil microbial activity. For instance, phosphate could react with 
soil mobile HMs, forming more insoluble precipitates such as py-
romorphite and reducing the bioavailability of HMs [34]; OM has 
high surface area and adsorption capacity for cations [35], decreas-
ing their availability [36].

3.4. Soil Bacterial Community Structure Analysis

In long-term contaminated soils, the replacement of sensitive mi-
croorganisms by resistant ones could be another reason for the 
high microbial activity in heavily HMs contaminated soils [37]. 
Thus, bacterial community structures of these samples were ana-
lyzed using MiSeq sequencing technique. Totally, 24,746 to 35,137 
valid 16S rRNA sequences were obtained per sample, with an 
average value as 30,303. Subsampling procedure was conducted 
for each library based on the minimum sequence value (24,746), 
and subsequent analyses were carried out based on the subsampled 
data. Rarefaction and Shannon-Wiener curves were presented in 
Fig. 2, and all the curves tended to approach the plateau, reflecting 
that the data volume of valid sequences were reasonable, and 
could reflect the vast majority of biological information for each 
library [21]. 

Taxonomic classification of each sequence revealed significant 
differences in community structure between these samples (as 
shown in Fig. 3). At the phylum level, the dominant phyla in 
S1 were Firmicutes (58.05%, 14,366 sequences), Proteobacteria 
(17.52%, 4,335 sequences), and Chloroflexi (10.70%, 2,649 se-
quences). The abundances of phylum Proteobacteria increased 
in other samples, with relative abundance values from 49.03% 
to 64.17%; meanwhile, phylum Acidobacteria only shared a relative 
abundance value as 4.40% in S1, and its relative abundance in-
creased to 19.71% in S2. Phylum Gemmatimonadetes also shared 

Fig. 3. Relative abundance of different bacterial community structures 
at phylum (above) and genus (below) levels.

  

Fig. 2. Rarefaction curves and Shannon curves based on the 16S rRNA gene sequencing.
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Fig. 4. Heatmap of correlations between environmental factors and 
genus abundance (* means p < 0.05).

a low relative abundance in S1 (1.31%), and its abundance also 
increased in other samples. At the genus level, the dominant genera 
in S1 were Bacillus (24.11%, 5,967 sequences), Enterococcus 
(16.11%, 3,987 sequences), and Lactococcus (12.12%, 2,998 se-
quences). Although previous studies reported that some Bacillus 
spp. had high HMs tolerance ability and had already been used 
for HMs remediation [38], the abundance of genus Bacillus was 
very low in other samples. Genus Sphingomonas shared low abun-
dance in S1, but its abundance increased in other HMs con-
taminated samples. Especially, S2 shared the greatest relative abun-
dance value of genus Sphingomonas as 19.44%. Previous studies 
demonstrated the abilities of Sphingomonas spp. to degrade toxic 
organic substances [39], and used a Cd tolerant Sphingomonas 
sp. to treat Cd containing waters [40]. An earlier study also observed 

high abundance of genus Sphingomonas in mining areas [41]. 
Considering the remediation ability and abundance in the con-
taminated samples, Sphingomonas spp. might be isolated from 
these contaminated soils, and used for future HMs remediation 
studies. Genus Thiobacillus shared low abundance in S1 and S2, 
but its abundance increased in S3-S5, with relative abundance 
values as 13.45% - 27.94%. Previous studies had pointed that 
Thiobacillus spp. could oxidize inorganic sulfur and produce sul-
phuric acid [42, 43], which would facilitate the mobility of HMs. 
Therefore, Thiobacillus spp. could also be isolated from these sam-
ples and be further studied for potential remediation of con-
taminated soils through bioleaching procedure.

Correlation analysis was also conducted between different genus 
abundances and environmental factors (combined with phys-
icochemical parameters and HMs concentrations), and results were 
shown in Fig. 4. The abundances of general Bacillus, Enterococcus, 
and Lactococcus, sharing high abundance in S1 all showed sig-
nificantly (p < 0.05) negative correlations with HCl-Zn. Genus 
Sphingomona shared higher abundance in soils containing higher 
concentrations of HMs, and its abundance showed significantly 
(p < 0.05) positive correlation with available P content as 0.95. 
However, its abundance showed no obvious correlation with HMs 
related parameters. The high abundance of genus Sphingomona 
after microbial community adaptation under HMs stress, combined 
with high available P content in S2 might explain the higher micro-
bial activity in S2. The abundance of genus Thiobacillus showed 
significantly (p < 0.05) positive correlation with HCl-Pb, HCl-Cu, 
and Cu, and it also showed positive correlations with HMs related 
parameters. The inorganic sulfur, released during discharging of 
HMs industry wastes, might stimulate the growth of Thiobacillus 
spp.

4. Conclusions

Combined methods were applied to evaluate physicochemical and 
biological characteristics of long-term HMs contaminated soil. Both 
enzyme activity and microcalorimetric analyses showed that two 
of five samples, namely S2 and S4, had the greatest microbial 
activities, although these two samples contained almost the greatest 
concentrations of HMs. Correlation coefficient and bacterial com-
munity structure analyses demonstrated that high microbial activ-
ity in heavily HMs contaminated soil might be due to the stimulation 
effects of soil OM and available P contents on the well-adapted 
microbial community. Bacteria belonging to genera Sphingomonas 
and Thiobacillus might be further isolated for HMs remediation 
studies. Our findings could contribute to the evaluation of microbial 
communities for further isolation of HMs tolerant microorganisms 
and remediation of HMs pollution.
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