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Abstract
Purpose The Cd and Hg contents in soils can be elevated due to coal mining. To estimate the effects of these two heavy metals on
soil enzymes and the key microbial groups, coal mine–affected agricultural soils were cultured for 30 days with Cd and/or Hg.
Methods Soil enzyme activities were measured by a colorimetric method, and microbial abundance was assessed according to
real-time quantitative PCR analysis of the 16S rRNA and 18S rRNA genes. In addition, the microbial communities were
analyzed by Illumina sequencing.
Results Heavymetals inhibited soil enzyme activities. For example, both Cd and Hg decreased 25.52–34.89% of the soil catalase
activity; the highest level of Hg (30 mg kg−1) decreased 76.50–89.88% of the soil urease activity and 85.60–92.92% of the soil
dehydrogenase activity; and the soil acid phosphatase activity significantly decreased by 15.18–32.64% under all the levels of Cd
and decreased 17.09–30.32% under the high levels of the Cd–Hg combination (> 3 mg kg−1). In addition, increased Cd levels
affected bacterial number more than fungal abundance; however, addition of Hg alone decreased the bacterial number but
increased the fungal abundance. Furthermore, the bacterial communities but not fungal communities were altered by heavy
metals. A total of 23 highly sensitive genera and 16 highly resistant genera were identified. The sensitive genera were assigned to
Actinobacteria, Acidobacteria, Candidate division WS3, Chloroflexi, Gemmatimonadetes, Proteobacteria, and Thermotogae,
while the resistant genera were affiliated to Bacteroidetes and Proteobacteria.
Conclusion Soils containing the highest level of the combination of Cd and Hg exhibited the lowest soil enzyme activities;
bacterial communities were more sensitive to heavy metal contamination than fungi.
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Introduction

Cd and Hg are two of the most toxic heavy metals and pose a
serious threat to soil ecosystems. Accumulation of these toxic

heavy metals occurs mainly during natural soil formation (dos
Santos et al. 2017), and anthropogenic deposits originate from
sewage irrigation, sludge application, solid waste treatment,
automobile exhausts, industrial activities (Jan et al. 2010), and
mining (Šajn et al. 2013; Li et al. 2014). It is well known that
these heavy metals have negative effects on biological func-
tions in soil, including soil enzyme activity (Khan et al. 2010;
Pan and Yu 2011), microbial abundance (Chen et al. 2014),
microbial activity (Chodak et al. 2013; Chen et al. 2015), and
microbial community structure (Khan et al. 2010; Frey and
Rieder 2013).

Microorganisms in soils exhibit a certain adaptability to
heavy metals. However, identification of an indicator of heavy
metal pollution in soils remains challenging. Previous studies
have found that soil enzymes can facilitate soil chemical reac-
tions and metabolic processes, such as biogeochemical nutri-
ent cycling (Moreno et al. 2003). These soil enzymes are
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sensitive to heavy metal contamination (Xian et al. 2015) and
are often used to estimate the adverse effects of pollutants on
soil quality (Wang et al. 2007; Gao et al. 2010). For example,
inhibition of urease or phosphatase activity by heavy metals
has been reported (Pan and Yu 2011). Meanwhile, heavy
metals also have considerable effects on the abundance and
composition of microbial communities (Pan and Yu 2011;
Frey and Rieder 2013), which ultimately lead to changes in
soil microbial activities, including soil basal respiration and
enzyme activity (Pan and Yu 2011; Xian et al. 2015).

The Cd and Hg levels in soils are particularly elevated due
to coal mining in the Linhuan subsidence of Huaibei
Coalfield, Anhui Province, China. The mean concentrations
of Cd and Hg were 0.26 mg kg−1 and 0.04 mg kg-1, respec-
tively, which were as high as 3.2 and 2.9 times the background
values of the surface soil of Huaibei City according to our
previous research (Shang et al. 2016). Therefore, in this re-
gion, Cd and Hg are likely to affect both soil microbial diver-
sity and soil microbial processes because heavy metals can
have long-term hazardous effects on soil ecosystems and ad-
verse effects on soil biological processes (Lee et al. 2002;
Pérez-de-Mora et al. 2006). Although several studies found
that polymetal co-contamination could result the decrease of
actinomycetes (Xu et al. 2019), and Proteobacteria,
Firmicutes, and Acidobacteria were most altered by heavy
metal contents (Frey and Rieder 2013; Deng et al. 2015;
Jiang et al. 2019). Few studies have identifiedmicroorganisms
that exhibit resistance or sensitivity to these two metals and
could be used as indicators of heavy metal pollution in soils.
Therefore, in the present study, we determined the effects of
increasing Cd and Hg concentrations on the soil microbial
communities in coal mining–affected agricultural soil and
aimed to screen groups that were resistant or sensitive to Cd
and Hg contaminations.

Materials and methods

Soil characteristics

Soil samples were collected from the top 0–20 cm of the
Linhuan subsidence of Huaibei Coalfield, Anhui Province,
China (latitude N 33° 36′, longitude E 116° 36′), which is
located in the warm-temperate, semihumid, monsoon climate
zone. The collected soil samples were stored in a polyethylene
bag and transported in ice to the laboratory, where the samples
were sieved through a 2-mm mesh and stored at − 20 °C. The
soil properties were as follows: pH, 6.82; soil organic matter
content, 20.64 g kg−1; total nitrogen content, 4.5 g kg−1; avail-
able potassium content, 140.5 mg kg−1; available phosphorus
content, 4.28 mg kg−1; EC, 185.5 μs cm−1; CdT (the subscript
T indicates total content), 0.30 mg kg−1; CrT, 90.11 mg kg−1;

CuT, 25.66 mg kg−1; NiT, 42.67 mg kg−1; PbT, 34.83 mg kg−1;
ZnT, 69.20 mg kg−1; and HgT, 0.0633 mg kg−1.

Experimental setup

The samples were adjusted to 40% water-holding capacity
with deionized water and preincubated at 25 °C for 7 days.
Cd and Hg were added to the soil as an aqueous mixture of
CdCl2 and HgCl2. A control group (ck, sterile water micro-
cosms) and nine test groups (each test group with three re-
peats) were examined. In the Cd test, concentration gradients
were set up as follows: 0.3 mg kg−1 (Cd0.3), 3 mg kg−1 (Cd3),
and 30 mg kg−1 (Cd30); in the Hg test, the concentration
gradients were as follows: 0.3 mg kg−1 (Hg0.3), 3 mg kg−1

(Hg3), and 30 mg kg−1 (Hg30); and in the Cd and Hg test, the
concentration gradients were as follows: 0.3 mg of Cd and
0.3 mg of Hg kg−1 (CdHg0.3), 3 mg of Cd and 3 mg of
Hg kg−1 (CdHg3), 30 mg of Cd and 30 mg of Hg kg−1

(CdHg30). A total of 30 independent incubations were per-
formed. The treated soils were placed in plastic bags and
mixed thoroughly, and then, the soils were kept at 25 °C for
24 h to obtain a uniform distribution of the metal and an
equilibrium between Cd, Hg, and soil binding sites. Then,
the soils (500 g) were transferred into 1000-mL plastic jars
and covered with the supplied air-permeable caps throughout
the experiment to minimize evaporation but permit aeration.
The microcosms were incubated in the dark at 25 °C and 60%
external humidity in climatic chambers. Water loss was deter-
mined every other day by weight and was compensated by
addition of sterile water. Destructive sampling was performed
in triplicate after incubation of the microcosms for 30 days.

Enzyme activities and basal respiration assays

Soil urease activity was determined by the indophenol-based
colorimetric method, and the NH4

+ released by urease-
mediated enzymatic hydrolysis of urea was determined color-
imetrically at 578 nm (Guan 1986). Acid phosphatase activity
was measured by the buffer method, and the p-nitrophenol
(PNP) levels in the filtrate were determined colorimetrically
at 410 nm (Guan 1986). Dehydrogenase activity was tested by
reduction of 2,3,5-triphenyltetrazolium chloride (TTC), and
the triphenyl formazan (TPF) released was extracted with
methanol and assayed at 485 nm(Guan 1986). Catalase activ-
ity was measured by the titration method (Guan 1986), and
soil basal respiration (SBR) (CO2 production by incubation
for 24 h at 25 °C) was measured by the sodium hydroxide
absorption method (Xu et al. 2019).

Illumina sequencing

Total DNA was extracted from each sample with a soil
extraction kit (E.Z.N.A. Soil DNA Kit, Omega)
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according to the manufacturer’s instructions. The V3–
V4 region of the 16S rRNA gene of each sample was
amplified by the 338F/806R primer pair (338F: 5′-ACT
CCT ACG GGA GGC AGC A-3′ and 806R: 5′-GGA
CTA CHV GGG TWT CTA AT-3′). The primer pair
0817F (5′-TTA GCA TGG AAT RRA ATA GGA-3′)
and 1196R (5′-TCT GGA CCT GGT GAG TTT CC-
3′) was used for amplification of the 18S rRNA gene.
Primers were tagged with unique barcodes for each
sample. Each sample was amplified in triplicate, and
the products were pooled in a single tube. Negative
controls using sterilized water instead of soil DNA ex-
tract were included to check for primer or sample DNA
contamination. The quality and concentrations of the
purified barcoded PCR products were determined using
a NanoDrop spectrophotometer. The MiSeq Reagent Kit
v2 was used for sequencing by an Illumina MiSeq
PE250 for bacteria and PE300 for fungi. All clean se-
quence data have been deposited in the GenBank short-
read archive under accession code SRP067940.

Clean sequenc ing da ta were ob ta ined us ing
Trimmomatic and FLASH software as follows: the data
were filtered when the quality value of the reads was
below 20 bases. A 50-bp window was used, and when
the average quality value of the window was less than
20, the bases at the lower end of the window and reads
that were less than 50 bp in size after quality control were
filtered; based on the overlap between paired-end (PE)
reads, the paired reads were merged into a single se-
quence, and the minimum overlap length was 10 bp.
The largest allowable false matching ratio for the splicing
overlap area of the sequences was 0.2, and the unmatched
sequences were then screened out. Operational taxonomic
units (OTUs) were clustered with 97% similarity, and
picking and taxonomy assignments were performed with
the Bpick_closed_reference_otus.py^ command according
to the SILVA database for subsequent analysis. According
to taxonomic assignment, OTUs assigned to nonfungi
were removed.

Real-time quantitative PCR analysis of 16S rRNA
and 18S rRNA genes

Real-time quantitative analysis of the 16S rRNA and
18S rRNA genes was performed on a CFX96 optical
real-time detection system (Bio-Rad Laboratories Inc.,
Hercules, CA, USA). The primer pairs 338F/806R and
0817F/1196R were used. The reactions were performed
in a 20-μL mixture containing 10.0 μL of SYBR
Premix Ex Taq (TaKaRa), each primer at 0.5 μM and
1 μL of DNA template. The amplification efficiencies
were 90–105%, with R2 values greater than 0.99.

Data analysis

Data are expressed as the mean value ± SE. Basic data calcu-
lation was performed by using Excel 2010, and graphs were
drawn by using Excel 2010 and Origin 2017. One-way anal-
ysis of variance (ANOVA; Duncan, p < 0.05) was used to
determine the differences between groups. All the analyses
were assessed by SPSS software for Windows, version 22.0
(SPSS Inc., Chicago, IL, USA). The alpha-diversity (includ-
ing the Shannon index and observed species) and beta-
diversity (Bray–Curtis distance) metrics of the bacterial and
fungal communities were calculated based on a randomly se-
lected subset of 4513 sequences per sample. A Bray–Curtis
distance matrix was calculated from square root–transformed
Illumina sequencing data using the software programs Primer
6 v.6.1.13 and Permanova v.1.0.3 (Primer-E, UK) to study
microbial community structures. To visualize differences in
the bacterial and fungal soil community structures between
soils with different levels of Cd and Hg, nonmetric multidi-
mensional scaling (NMDS) analyses were performed. Based
on the abundances and ANOVA, 23 sensitive (decrease in the
highest average abundance) and 16 resistant (increase in the
highest average abundance) genera were listed and depicted in
a heat map that was constructed in an R environment (version
3.1.2). Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) (http://
picrust.github.io/picrust/) was used to predict the
metagenomic functional content from the sequence data. The
Bclosed-reference^ OTUs were picked using QIIME with the
Bpick_closed_reference_otus.py^ command according to the
GG reference OTUs at a specified percent identity. The
Bnormalize_by_copy_number.py^ command was performed
to normalize the OTU table, and the final metagenomic
functional predictions were conducted by the Bpredict_
metagenomes.py^ command. The Bcategorize_by_function.
py^ command was used to collapse the predictive
metagenome using KEGG pathway metadata. The
differences in predictive metabolism are shown in a bar chart.

Results

Effects of Cd and Hg on soil enzyme activities, soil
basal respiration, and microbial abundance

Examination of soil enzyme activities, soil respiration, and
microbial abundance showed that the effects of heavy metal
concentrations on soil enzyme activities differed (Fig. 1).
Heavy metals did not inhibit all the soil enzyme activities at
all the concentrations tested, except the soil catalase activity,
which significantly decreased from 25.52 to 34.89% upon
addition of Cd and/or Hg. The soil urease activity in soils
was inhibited at the highest Hg levels (30 mg Hg kg−1 and
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30 mg of Cd and 30mg of Hg kg−1), decreasing from 76.50 to
89.88%. The soil acid phosphatase activity significantly de-
creased by 15.18–32.64% at all levels of Cd and decreased
17.09–30.32% at high levels of the Cd–Hg combination. The
soil dehydrogenase activity decreased under heavy metal
treatment, and the lowest values were observed for Hg30
and CdHg30, decreasing 85.60% and 92.92%, respectively.

With increasing concentrations of heavy metals, soil basal
respiration increased under most conditions, but the microbial
abundance (the total abundance of bacteria and fungi) de-
creased significantly from 52.27 to 80.25% (Fig. 1). High
Cd levels exhibited severe toxicity against microorganisms
and had stronger effects on the number of bacteria than on
the number of fungi. Treatment with Hg alone decreased the
bacterial number but increased the ratio of bacteria to fungi
(Figs. 1 and 2).

Effects of Cd and/or Hg on bacterial and fungal
diversity

The valid 16S rRNA gene reads associated with bacteria ob-
tained from the samples ranged from 4513 to 38,347 in this
study, and the valid 18S rRNA gene reads associated with
fungi ranged from 14,457 to 33,703, both of which were nor-
malized to 4513 for comparison of the alpha-diversity of the
bacterial community. ANOVA showed that addition of low
levels of heavy metals had no significant effect on the alpha-
diversity of the bacterial and fungal communities (Fig. 3),

except for the decrease in fungal diversity and species number
observed upon treatment with trace levels of Cd
(0.3 mg kg−1). Addition of high levels of Hg (30 mg kg−1)
markedly decreased the Shannon diversity and observed spe-
cies of the bacterial communities, and simultaneous addition
of high levels of Cd (30 mg kg−1) and Hg (30 mg kg−1) de-
creased the observed species in the fungal communities. In
addition, the NMDS ordinations of the bacterial communities
exhibited distinct separation of samples between the control
group and heavy metal–treated groups (Fig. 4), but the treat-
ments with different levels of heavy metals were not separated
from each others.

Identification of the most sensitive and resistant
groups

Illumina sequencing showed that bacterial communities were
dominated by Proteobacteria (Fig. 5), which accounted for
26.5–54.4% of the total bacterial sequences. Other abundant
phyla found in the different treatments included Firmicutes
(4.1–25%), Actinobacteria (4.8–8.7%), Chloroflexi (3.1–
8.2%), Bacteroidetes (1.9–14.1%), Gemmatimonadetes (1.9–
5.2%), Candidate division TM7 (1.0–5.6%), and Nitrospirae
(1.7–4.9%). Compared to the controls and samples treated
with low concentrations of Cd and Hg, Proteobacteria,
Firmicutes, and Bacteroidetes exhibited increased abundance
(p < 0.05) upon exposure to high concentrations of Cd and
Hg, while Acidobacteria, Chloroflexi, Gemmatimonadetes,

Fig. 1 Activities of soil enzymes (including urease, acid phosphatase,
dehydrogenase, and catalase), soil basal respiration, and abundances of
bacteria and fungi in soils. The error bars show the standard error of three

subsamples for each soil sample. Different letters indicate significant
differences (p < 0.05, Duncan)

852 Ann Microbiol (2019) 69:849–859



Fig. 2 Relative abundances of
bacteria and fungi in soils. The
percentage in the pie chart
indicates the mean relative
abundance

Fig. 3 Shannon diversity index and observed species of bacterial
communities and fungal communities in soils. The valid bacterial and
fungal sequences were normalized to 4513 for each sample. The error

bars show the standard error of three subsamples for each soil sample.
Different letters indicate significant differences (P < 0.05, Duncan)
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and Candidate division TM7 were negatively influenced by
increasing Cd and Hg levels. Fungal communities were dom-
inated by Ascomycota, which accounted for 43.7–99.3% of
the total fungal sequences. Other abundant phyla found in the
d i f f e r en t t r e a tmen t s i n c l uded Bas i d i omyco t a ,
Blastocladiomycota, Chytridiomycota, Glomeromycota, and
Zygomycota. Basidiomycota and Blastocladiomycota were
highly abundant in the Cd0.3 and CdHg3 treatments. We fur-
ther analyzed the bacterial species that were sensitive or resis-
tant to heavy metal contamination (Fig. 6). Unlike bacteria, no
detoxification mechanism is known for fungi, and the effects
of Cd and Hg on fungi remain poorly understood.

A heat map containing the 23 most sensitive classified
genera and 16 most resistant classified genera from each treat-
ment, exhibiting either the largest increase or the largest de-
crease in abundance, was used to illustrate similarities in mi-
crobial community changes across treatments (Fig. 6). The

seven most sensitive phyla from each treatment, namely,
Actinobacteria, Acidobacteria, Candidate division WS3,
Chloroflexi, Gemmatimonadetes, Proteobacteria, and
Thermotogae, contained a total of 23 genera (Fig. 6a).
RB41-norank, Gemmatimonadetes-uncultured, Haliangium,
and Nitrosomonadaceae-uncultured were the predominant
and most sensitive genera. Bacteroidetes and Proteobacteria
were the two groups in the heat map of Cd- and Hg-resistant
g ene r a ( F i g . 6 ) . Sp ec i f i c a l l y, Sph ingomona s ,
Panacagrimonas , Limnobacter, Caenimonas , and
Cytophagaceae-uncultured exhibited high tolerance, and the
highest proportions were observed in the Hg30, Cd30, and
CdHg30 treatments. For both the sensitive and resistant
groups, the Hg treatment shared more genera with both the
Hg30 and CdHg30 treatments than other treatments. For both
the sensitive and resistant groups, the Hg30 and Cd/Hg30
treatments shared a relatively high number of genera.

Fig. 4 Nonmetric multidimensional scaling (NMDS) analyses for the overall bacterial and fungal community composition based Bray–Curtis distance
matrices of soil samples. The various colors indicate different samples; n = 3

Fig. 5 Relative abundances (percentage) and abundances of the main
identified bacterial and fungal taxonomic groups. For each sample, the
abundances and relative abundances of the sequences assigned to a given

taxonomic unit were calculated for each of the three subsamples, and the
average value was then used to represent the abundance and relative
abundance of each tailing sample
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Differences in predictive metabolism of Cd- and/or
Hg-treated soils

PICRUSt analysis was used to predict metagenomic function
in soils based on the KEGG orthology (KO) predictions. We
focused on the predictive relative abundances of KOs
assigned to the main bacterial metabolism (Fig. 7). The pre-
dictive metabolic changes were prominent in the treatment
groups with the highest levels of Hg (30 mg Hg kg−1 and
30 mg of Cd and 30 mg of Hg kg−1). Hg30 and CdHg30

exhibited the lowest values for cysteine and methionine me-
tabolism, streptomycin biosynthesis, starch and sucrose me-
tabolism, peptidase levels, pantothenate and CoA biosynthe-
sis, selenocompound metabolism, and terpenoid backbone
biosynthesis. These two treatments exhibited the highest phe-
nylalanine metabolism, folate biosynthesis, one-carbon me-
tabolism based on folate, glutathione metabolism,
aminobenzoate degradation, caprolactam degradation, and
metabolism of xenobiotics by cytochrome P450. In addition,
the highest levels of Cd and Hg both resulted in the lowest

Fig. 6 Heat maps of the 23 most sensitive bacterial genera and 16 most
resistant bacterial genera identified in different treatments. The color
intensity in each panel represents the relative abundance as the

percentage of total bacterial sequences in each sample. a Twenty-three
most sensitive classified genera. b Sixteen most resistant classified genera
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Fig. 7 The main predictive metabolism that is significantly influenced by heavy metals in soils. The error bars show the standard error of three
subsamples for each soil sample. Different letters indicate significant differences (p < 0.05, Duncan)
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values of glycine, serine, and threonine metabolism; histidine
metabolism; carbon fixation in prokaryotes; protein kinase
levels; glycosyltransferase levels; glycerophospholipid me-
tabolism; and prenyltransferase levels.

Discussion

The lowest Cd and Hg concentrations used in this study (up to
0.3 mg Cd and/or Hg kg−1 dry soil) were within the range that
has often been detected in soils, and the Cd and Hg concen-
trations in the soil samples were 0.30 mg kg−1 and
0.0633 mg kg−1, respectively, which were 3.70-fold and
4.52-fold higher than the background values of Huaibei City
(the background levels of Cd and Hg in Huaibei City were
0.081 mg kg−1 and 0.014 mg kg−1, respectively). The high
concentration used (up to 3 mg Cd and/or Hg kg−1 dry soil)
was within the range observed for contaminated soils
(Türkdoğan et al. 2003). The highest level (30 mg Cd and/or
Hg kg−1 dry soil) of heavy metals used in our study
corresponded to the amounts supplied in other microcosm
experiments on agricultural (Hollender et al. 2003; Pan and
Yu 2011) or tropical (Harris-Hellal et al. 2009) soils and has
been observed in heavily contaminated fields (Gosar and
Teršič 2012).

Previous studies found that soil enzyme activities, soil res-
piration, and microbial abundance/biomass were sensitive to
changes in soil quality (Bowles et al. 2014; Mbuthia et al.
2015). Soil enzymes including soil urease activity, acid phos-
phatase activity, dehydrogenase activity, and catalase activity
were used to estimate the adverse effects of various pollutants
on soil health (Masto et al. 2009). Similarly, in this study,
urease, acid phosphatase, dehydrogenase, and catalase activi-
ties varied widely among different treatments, and the enzyme
activities decreased with increasing concentrations of heavy
metals. In particular, urease and dehydrogenase activity were
strongly inhibited by heavy metals, confirming the results of
previous studies (Wiatrowska et al. 2015; Xian et al. 2015).
Previous research has shown that soil enzyme activities de-
crease with increasing availability of heavy metals (Xian et al.
2015). Similarly, it was shown that Cd had a distinct inhibitory
effect on urease, acid phosphatase, and catalase activities
(Mao et al. 2015; Xin et al. 2017). The enzyme activities
decreased in the presence of heavy metals, which can interact
with the enzyme–substrate complex and denature the enzyme
or interact with active sites of proteins (Li and Liu 2015).

Soil basal respiration is a good indicator of total soil micro-
bial activity (Caravaca et al. 2017) which was often inhibited
in heavy-metal-contaminated soils (Xu et al. 2019). In this
study, heavy metal toxicity induced the death of a large num-
ber of microorganisms, and the surviving microorganisms re-
quired energy supply for survival (Fashola et al. 2016) and
resistance to heavy metal toxicity (Ayangbenro and Babalola

2017). In general, the toxicity generated by heavy metals may
suppress or even kill sensitive soil microorganisms and lead to
decreased soil respiration (Rajapaksha et al. 2004). However,
increased soil respiration in the presence of certain level of
heavy metal contamination has also been observed (Åkerblom
et al. 2007). The increased basal respiration in soil treated with
Cd and Hg could also be the consequence of increased main-
tenance energy requirement or decreased metabolic and sub-
strate use efficiency (Renella et al. 2007).

Previous studies have indicated that high levels of heavy
metals could induce DNA damage, such as single- and
double-strand breaks and base modification, in organisms
(Ates et al. 2004) and influence the microbiota directly via
transformation of population size, diversity, and structure
(Deng et al. 2015). In contrast, the NMDS showed no differ-
ence in fungal communities among samples. The fungal com-
munities exhibited relatively low sensitivity to Cd and Hg in
all the treatments. Rieder and Frey (2013) also found that
fungi are more resistant than bacteria to long-term heavymetal
contamination. In addition, fungal growth and species diver-
sity are generally reduced along with increasing concentra-
tions of heavy metals in soils (Li et al. 2012). Many fungi
can also tolerate increased soil concentrations of heavy metals
(Li et al. 2012), including Hg (Kelly et al. 2006). Meharg
(2003) suggested that the organic acids exuded by fungi may
form complexes with metals present in soils, thereby reducing
the associated metal toxicity.

Soil bacteria are generally considered to be highly sensitive
tometal contaminants (Jin et al. 2015), although some bacteria
have developed a range of heavy metal resistance mecha-
nisms. In our study, gradual shifts in bacterial community
composition induced by Cd and Hg gradients were observed,
indicating the presence of dose-related effects, as previously
reported (Macdonald et al. 2011). We found that different
bacterial groups responded differently to Cd and Hg contam-
inations; specifically, Actinobacteria, Acidobacteria,
Candidate divisions WS3, Chloroflexi, Gemmatimonadetes,
Proteobacteria, and Thermotogae exhibited sensitivity to Cd
and Hg contaminations in soils. These groups exhibited Cd
and Hg sensitivity and thus can be recognized as indicators of
Cd and Hg contaminations. The sensitivity of Acidobacteria
to heavy metals has been reported in previous studies
(Macdonald et al. 2011). The absence of a lipid outer mem-
brane and specialized secretion systems in Chloroflexi
(Sutcliffe 2011) might account for the sensitivity of these bac-
teria to heavy metals. Bacteroidetes and Proteobacteria exhib-
ited high tolerance and reached the highest proportion in the
Hg30, Cd30, and CdHg30 treatments (Fig. 6b). Extrusion of
heavy metal ions by efflux systems, segregation by thiol-
containing molecules, and reduction to oxidative states with
reduced toxicity (Harichová et al. 2012) are common bacterial
metal resistancemechanisms. In addition, this study suggested
that the high concentration of Hg exerted additional pressure
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on the bacterial community, which was not apparent with Cd
exposure, and the effects of Cd/Hg on bacterial community
structure were stronger than those of Hg alone because of
synergistic interactions in the combined metal treatments.

Soil bacterial metabolism mainly includes material metab-
olism and energy metabolism (Edirisinghe et al. 2016). All the
predictive metabolic pathways expected for carbon fixation in
prokaryotes were closely related to material metabolism and
were severely affected by heavy metals. These bacterial ma-
terial metabolism pathways are important for the functions of
the soil ecosystem (Wagg et al. 2014; Creamer et al. 2016),
and the changes in bacterial material metabolism indicated the
occurrence of soil degradation under heavy metal stress.

In conclusion, the responses of different soil enzymes to
elevated heavy metal concentrations differed. Soils containing
the highest level of the combination of Cd and Hg exhibited
the lowest soil enzyme activities. The heavy metals signifi-
cantly decreased the microbial abundance but stimulated res-
piration, and the elevated Hg levels led to increased fungal
abundance. In addition, the structures of the bacterial commu-
nities but not fungal communities were influenced by heavy
metal addition, and the predictive bacterial metabolism was
perturbed by heavy metals.
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