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ABSTRACT

Soil stabilization is a soil remediation technique that reduces the mobility of heavy metals in soils. Although it is a well-established technique,
it is nonetheless essential to perform a follow-up chemical assessment via a leaching test to evaluate the immobilization of heavy metals
in the soil matrix. Unfortunately, a standard chemical assessment is not sufficient for evaluation of the biological functional state of stabilized
soils slated for agricultural use. Therefore, it is useful to employ a pyrosequencing-based microbial community analysis for the purpose.
In this study, a recently stabilized site in the proximity of an exhausted mine was analyzed for bacterial diversity, richness, and relative
abundance as well as the effect of environmental factors. Based on the Shannon and Chaol indices and rarefaction curves, the results
showed that the stabilized layer exhibited lower bacterial diversity than control soils. The prevalence of dominant bacterial populations
was examined in a hierarchical manner. Relatively high abundances of Proteobacteria and Methylobacter tundripaludum were observed in the
stabilized soil. In particular, there was substantial abundance of the Methylobacter genus, which is known for its association with heavy
metal contamination. The study demonstrated the efficacy of (micro)biological assessment for aiding in the understanding and post-management
of stabilized soils.
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1. Introduction Furthermore, soil stabilization technology is well established
for the mitigation of most heavy metals in soils.

However, it is also known that the soil stabilization method
only temporarily immobilizes heavy metals in the soil matrix
[10, 12]. Thus, a follow-up analysis is essential to monitor the
mobility of heavy metals after soil stabilization. Currently, chem-
ical assessment via a leaching test is a common practice for
managing stabilized soils. However, the chemical assessment
is not sufficient for evaluation of the biological functional state
of stabilized soils. Assessment of the biological functional state
of soils is particularly important for soils remediated by soil
stabilization that are to be used for agricultural purposes.

To evaluate the biological functional state of soils after soil
stabilization, microbial community analysis was performed.
Among all possible bio-indicators, microorganisms or their ge-
nomes can be among the most suitable candidates for indicating
the terrestrial ecosystem dynamics of heavy metals. Soil micro-

Once heavy metals move into soil, they can remain in the soil
for a long period of time-approaching thousands of years [1-5].
Heavy metals can enter soils from several sources, including
waste from mines and landfills [2, 6]. The mining industry has
been a major source of heavy metal release to the environment
[7-9]. Therefore, heavy metal contamination from mining activ-
ities has drawn increased attention over the last few decades.

Soil stabilization is a soil remediation technique that reduces
the solubility and mobility of heavy metals by the addition of
stabilizing agents (or stabilizers) to contaminated soils [8, 10].
The main stabilizers include lime and steel slag [8, 10, 11].
The stabilizers decrease the leaching and bioavailability of trace
elements by various sorption processes. Although the stabiliza-
tion process is often influenced by several environmental factors,
including pH and organic matter [10, 12], it is simple and effective.
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organisms provide a more reliable and faster result than other
organisms due to their large quantities and fast turn-over. In
particular, the prevalence of uncommon (i.e., selectively grown)
microorganism species can be useful for identifying site
abnormalities.

The objectives of this study were to evaluate the biological
functional state of stabilized soils and to identify the prevalence
of selectively grown microorganisms at the site. To achieve these
objectives, soil bacterial community analysis was performed us-
ing pyrosequencing techniques. Bacterial diversity and richness
were investigated using pyrosequencing data and diversity
indices. The relative abundances and profiling of the microbial
populations were reported for taxonomic levels ranging from
phyla to species, and the effect of environmental factors
(including heavy metal concentrations) were examined with mul-
tivariate statistical tools. The prevalence of dominant bacterial
populations at the stabilized site were also analyzed.

2. Materials and Methods

2.1. Study Sites and Soil Sampling

Soil samples were collected from paddy fields near an exhausted
mine (Seosung mine) located in Seosan, Chungcheongnam-do,
Korea. The Seosung mine had provided Zn, Ag, Pb, and Au
from the 1930s to the late 1970s to Korea. Until 2007 and prior
to soil reclamation, soils in the vicinity of the sampling site
were heavily contaminated with Cd and Pb [8, 13] from the
tailings of the Seosung mine. In 2008, a major soil reclamation

was implemented for the Seosung mine along with 1,344 other
mines in Korea [13, 14]. The stabilization was implemented
at a depth of 40-60 cm with 5% lime stone and 2% steel slag.
The stabilized layer was covered with soil excavated from a
non-contaminated site in Korea. Soil from each stabilized layer
(40-60 cm) and the cover layer (20-40 cm) was sampled in 2014.
Stabilized and cover-layer soils were denoted as SS and CS,
respectively. A non-contaminated (NC) sample was collected
at the same time from the surface of a paddy approximately
6 km away from the stabilized site. The NC sample was taken
from a pristine surface soil with no history of heavy metal
contamination. The CS and NC samples were both used as neg-
ative controls in the experiment. The CS negative control was
originally a foreign soil that was used to cover the stabilized
soil layer and subsequently had direct contact with the stabilized
layer below it for over 5 y.

Information on the sampling sites is presented in Fig. 1. Fig.
1(a) shows a geological map of the sampling site in Seosan,
Korea. Fig. 1(b) and 1(c) show satellite pictures of the sampling
site (36°89' N, 126°41' E) and the control site (36°84' N, 126°43' E).

Approximately 2 kg of soils were collected at each sample
point using a hand auger. The soil samples were transferred
to plastic-lined canvas bags and transported to the laboratory.
The samples for physicochemical analysis were air-dried for
~10 d. A portion of the dried soil was sieved through 100-mm
mesh and subjected to heavy metal analysis. The remainder
of the dried sample was sieved successively through appropriate
mesh sizes and a final 10-mm mesh, and then subjected to pH,
cation exchange capacity (CEC), and loss of ignition (LOI)

Sampling site
for SS, CS
(36°89'N,
126°41'E)

Exhausted
mine

Control site
for NC
(36°84'N,
126°43'E)

Fig. 1. (a) Geological map of the sampling site in Seosan, Korea. (b) and (c) Satellite pictures of the reclaimed site and the control site near
Seosung mine. SS and CS were obtained from the reclaimed site and NC from the control site. The NC, CS, and SS refer to negative
control, cover layer soil, and stabilized layer soil, respectively. The same description applies from Fig. 1 to Fig. 5.
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measurements. The soil samples for DNA extraction were imme-
diately stored after collection at -20°C without air-drying.

2.2. Physicochemical Characterization of Soils

The physicochemical properties of the three soil samples, includ-
ing moisture content, pH, CEC, and LOI, were examined. The
pH was measured in a 1:5 soil-water slurry with an Orion 5
Star pH meter (Thermo Scientific, Barrington, IL, USA). The
CEC was measured according to USEPA 9081 [15], and the LOI
was measured using a thermogravimetric analyzer according
to ASTM D7348-08 [16].

Heavy metal concentrations were measured in triplicate
samples. Total concentrations of As, Cd, Cu, Ni, Pb, and Zn
were determined by aqua regia digestion according to the Korean
standard method for chemical analysis of soils [17]. For soil
digestion, 1 mL of HNO; and 3 mL of HCI were added to 0.25
g of the soil. All the samples were analyzed by inductively coupled
plasma-optical emission spectrometry (ICP-OES, Thermo
Scientific, Franklin, MA, USA) at the Gwangju Institute of Science
and Technology (Gwangju, Korea).

2.3. DNA Extraction

Genomic DNA (gDNA) was extracted from the soil samples using
the commercial soil DNA extraction kit, PowerSoil DNA Isolation
Kit (Mo Bio Laboratories, Solon, OH). Approximately 0.5 g (wet
weight) of soil was used, and the extraction was performed on
triplicate samples. DNA concentrations for all samples were ob-
tained using the Nanodrop ND 2000 Spectrophotometer (Thermo
Scientific, Barrington, IL, USA). The quantity and purity of the
DNA were determined by OD.s and OD,g measurement,

2.4. 165 rRNA Pyrosequencing Analysis

Prior to the pyrosequencing analysis, PCR amplification of ex-
tracted gDNA (triplicate samples) was performed using primers
targeting the V1 to V3 region of the 16S rRNA gene. The barcoded
primers of 9F (5'-CCTATCCCCTGTGTGCCTTGGCAGTCTCA
GACAGA GTTTGATCMTGGCTCAG-3’; underlined sequences
indicating the target region of the primer) and 541R
(5’-CCATCTCATCCCTGCGTGTCTCCGACTCAGXACATTACC
GCG GCTGCTGG-3) [18] were used for PCR amplification. The
PCR amplification was performed under the following thermal
conditions: initial denaturation at 95°C for 5 min, followed by
30 cycles of denaturation at 95°C for 30 s, primer annealing
at 55°C for 30 s, and extension at 72°C for 30 s, with a final
elongation at 72°C for 5 min. The PCR amplicons were confirmed
by using 2% agarose gel electrophoresis and visualized with
a Gel Doc system (BioRad, Hercules, CA, USA). Subsequently,
the amplicons were purified with the QIAquick PCR purification
kit (Qiagen, Valencia, CA, USA). The short fragments (i.e.,
non-target products) were removed with Ampure beads
(Agencourt Bioscience, MA, USA). The purity and the size of
amplicons was assessed with a Bioanalyzer 2100 (Agilent, Palo
Alto, CA, USA) using a DNA 7500 chip. Subsequently, the py-
rosequencing was implemented with a Roche/454 GS Junior
Sequencing system (Roche, Branford, CT, USA) at Chunlab Inc.
(Seoul, Korea).
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The results obtained using 454-pyrosequencing of the 16S
rRNA gene were used to determine the richness and diversity
of samples as well as to identify predominant bacterial species
or populations of stabilized layer samples (triplicate).

2.5. Pyrosequencing Data Processing

The basic processing of the pyrosequencing data was conducted
according to previous studies [18-20]. Sequencing reads from
the samples were sorted by unique barcodes of each PCR
amplicons. The sequences of the barcode, linker, and primers
were removed from the original sequencing reads. Any reads
containing two or more ambiguous nucleotides, a low quality
score (< 25), or less than 300 bp were discarded. Potential chi-
meric sequences were detected by the Bellerophon method,
which compares the BLASTN search results between forward
half and reverse half sequences. After removing chimeric se-
quences, the taxonomic classification of each read was assigned
based on comparison against the EzTaxon-e database [20].
To further analyze the diversity and richness of soil bacterial
communities, the CLcommunity program (Chunlab) was used.
The richness and diversity indices were determined by the Chao1l
[21] and Shannon diversity estimation [22]. Random subsampling
was conducted to normalize the read size of samples in order
to compare different read sizes among the samples. The overall
phylogenetic distance between communities was estimated using
Fast UniFrac. To compare operational taxonomic units (OTUs)
between samples, shared OTUs (i.e., the same OTUs that were
obtained from different samples) were obtained with an XOR
analysis. Rarefaction curves were also developed from the OTUs.

2.6. Statistical Analysis

Multivariate statistical analyses were conducted to determine
the correlations between species abundance and environmental
variables. A principal component analysis (PCA) was conducted
with the relative abundance of each set of species data. A canon-
ical correspondence analysis (CCA) was performed to determine
the significant environmental variables (e.g., moisture contents,
pH, CEC, LOL, and heavy metal concentrations) associated with
differences in the soil bacterial communities. The PCA and CCA
are the most commonly used multivariate statistical tools for
environmental studies [23-25]. The Monte Carlo permutation
(i.e., randomization) test [26] was used for CCA. Both PCA and
CCA were performed using CANOCO 4.5.0 software
(Microcomputer Power, Ithaca, USA). Community similarities
were plotted by using ordination plots with scaling focused on
inter-sample differences.

2.7. Phylogenetic Affiliation Analysis

To visually construct the phylogenetic affiliation of dominant
species in the SS samples, a phylogenetic tree was constructed
with 13 representative bacterial 16S rRNA gene sequences of
y-proteobacteria. Multiple-sequence alignment was performed
on the sequencing data obtained from the pyrosequencing analy-
sis by ClustalX [27] and BioEdit V7.0.0 [28]. Phylogenetic trees
were constructed by neighbor-joining analysis using MEGA6
[29] with a bootstrap value of 1,000 replicates.
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3. Results

3.1. Soil Properties and Heavy Metal Concentrations

Physicochemical properties of the soil samples (SS, CS, and
NC) are presented in Table 1. As explained in the material and
methods, SS refers to the target sample obtained from the stabi-
lized layer, and CS and NC refer to the negative control soils.
The pH of the three soils ranged from 6.2 to 8.7. Compared
to the two negative control soils, the SS showed the highest
CEC (cation exchange capacity) and also showed the lowest
LOI, which refers to organic contents.

The concentrations of six heavy metals (As, Cd, Cu, Pb, Zn,
and Ni) in three soil samples are also shown in Table 1. In
contrast to the two negative control soils, the SS was heavily
contaminated with all six heavy metals. In Korea, the maximum
allowable concentration of corresponding heavy metals (As, Cd,
Cu, Pb, Zn, and Ni) in soils is 25, 4, 150, 200, 300, and 100
mg/kg, respectively. Therefore, all of the heavy metal concen-
trations except Ni in the SS sample were higher than the max-
imum allowable concentration. In particular, the SS sample had
~50 and ~15 times higher Pb (10,123 = 132 mg/kg) and Cd
(60.1 = 0.5 mg/kg), respectively, than the maximum allowable
concentrations. In contrast, NC and CS had negligible concen-

trations of heavy metals compared to the maximum allowable
concentrations. These results confirmed that the NC and CS
soils were both suitable to serve as negative control soils.

3.2. Bacterial Diversity and Richness

Table 2 presents the indices of bacterial diversity and richness,
which were calculated from triplicate samples. The OTUs,
Shannon and Chao1 indices, and estimated coverage of each
sample were determined using the sequences obtained from
pyrosequencing. To precisely compare indices among SS, CS,
and NC samples, the valid reads for the sequences were normal-
ized by random selection. As a result, 4,187 fixed sequence
reads were obtained for each of the triplicate samples of each
soil type. The OTUs ranged from 1,185 to 2,039, with the largest
value obtained from the NC. The Good's coverage index for
each sample, calculated at a 97% similarity cut-off, ranged from
70% to 83%. For SS, the Good’s index of 83% indicated that
17 additional phylotypes would be discovered for every 100
additional sequencing efforts. However, the two negative control
samples (CS and NC) had lower Good's coverage values (i.e.,
70-72%), indicating that the number of pyrosequencing reads
for each sample may not be sufficient to represent the overall
bacterial diversity.

Table 1. Physicochemical Properties of the Sample Soils. Heavy Metal Concentrations Were Obtained from Triplicate Samples

CEC! LOP? As Cd
Reference ID H
P% (meg/100 g) (%) (mgkg) (mgkg)
SS 161.0 60.1
(Stabilized layer soil) 8.7 118 58 + 7.4 + 0.5
CS 5 2.7
(Cover layer soil) 71 25 108 ND. + 0.4
NC
(Negative control at 6.2 5.5 15.0 N.D. N.D.

control site)

'Cation exchange capacity
*Loss of ignition
*N.D. stands for non-detected.

Table 2. Summary of Pyrosequencing Results for Triplicate Samples

Reference ID Normalized reads OTUs'
SS-1 4,178 1,185
SS-2 4,178 1,248
SS-3 4,178 1,206
CS-1 4,178 1,875
CS-2 4,178 1,867
CS-3 4,178 1,906
NC-1 4,178 2,039
NC-2 4,178 1,990
NC-3 4,178 2,036

'0OTU stands for operational taxonomic unit
*Calculated at a 97% sequences similarity cut-off (%)

Goods Lib. Coverage’
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Cu Pb n Ni Ca Fe
(mgkg) (mgkg) (mgkg) (mgkg) (mgkg)  (mgkg)
437.8 10,1227 5,939.6 347  56,039.2  86,720.0
+ 9.6 + 1324 = 27.0 + 0.7 + 1,138.7 = 1,327.0
66.0 1473 119.6 14.1 6,870.0  26,969.0
+ 7.7 + 4.1 + 10.5 + 2.6 + 70.7 + 3,243.0

23.1 22.6 55.2 7.1 1,375.4  21,820.0
+15 *04 *47 +10 = 2177 =+ 1,813.0

Shannon index Chao1 index

83 5.98 2,454
82 6.10 2,594
83 6.05 2,640
72 7.04 3,936
72 6.97 3,802
70 6.92 4,488
70 7.24 4,307
71 7.21 4,057
70 7.24 4,053
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Fig. 2. Rarefaction curves of triplicate samples of the three soil types.
The long-dashed lines represent rarefaction curves of SS,
short-dashed lines represent CS, and solid lines represent NC.

As an estimator of soil bacterial diversity, the Shannon index
ranged from 5.98-7.24 among the 9 samples. The average
Shannon index for SS was 6.04 = 0.06, while the indices for
CS and NC were 6.98 + 0.06 and 7.23 = 0.02, respectively.
As an estimator of species richness or alpha-diversity, Chaol
explains the abundance of singleton species resulting in the
greater species richness. Therefore, the value of Chao1 is propor-
tional to the level of bacterial diversity. Chaol ranged from
2,454-4,307 among the 9 samples. The SS Chaol index was
2,562 + 97, while the CS and NC indices were 4,075 + 363
and 4,139 = 146, respectively. Based on this comparison of
the Shannon and Chao1 diversity indices, the bacterial diversity
in SS is far lower than in the negative controls.

Rarefaction curves that plot the number of OTUs against the
number of sequence reads for the 9 samples are shown in Fig. 2.
The rarefaction analysis was consistent with the diversity indices
in all samples. All the indices suggested that the soil from the
stabilized layer (SS-1, SS-2, SS-3) had the lowest diversity, and
the rarefaction analysis similarly indicated that the SS samples
had lower numbers of OTUs per valid sequence read. In contrast,
all of the CS and SS samples had higher numbers of OTUs
per valid sequence read.

3.3. Soil Bacterial Community Analysis

Phyla level: Microbial phylum distributions in the samples are
presented in Fig. 3(a). The analysis identified a total of 67 bacterial
phyla, among which only 11 are depicted in Fig. 3(a). The remain-
ing 56 phyla were removed because they represented less than
1% of the entire abundance. Three phyla represented 68-79%
of the abundance: Proteobacteria, Chloroflexi, and Acidobacteria
(depicted by a red-dashed square in Fig. 3(a)). Proteobacteria
were the dominant phyla in all 3 soil types. The relative abun-
dance of Proteobacteria in SS, CS, and NC was 57.0 = 1.2%,
35.0 = 1.6%, and 29.9 * 1.0%, respectively. The relative abun-
dances in SS, CS, and NC for Chloroflexi were 15.8 += 0.5, 28.6
+ 1.2, and 28.1 = 0.4, respectively, and for Acidobacteria were
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5.5 *+ 0.5, 5.4 = 0.5, and 14.6 = 1.0, respectively. Other abundant
phyla were Actinobacteria (3-14%), Firmicutes (1-5%), and
Bacteroidetes (1-5%).

The result of the PCA is presented in Fig. 3(b). The horizontal
axis in Fig. 3(b) (PC1) explains 86.7% of the total variance in
the data, and the vertical axis (PC2) represents an additional 12.4%
of the variance. As indicated by the arrow on the right side of
Fig. 3(b), PC1 was mainly affected by the Proteobacteria. As indicated
by the dashed circle, a grouping occurred among the three SS
samples and Proteobacteria, which can be explained by the relative
proportion of Proteobacteria in the samples (Fig. 3(a)). The SS
has the highest proportion (55%) of Proteobacteria compared to
the other soil types (35% and 30% for CS and NS, respectively).
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Fig. 3. Bacterial community analysis at the phylum level: (a) Taxonomic
composition of phyla relative abundance. The bar and error bars
represent average and standard deviation of triplicate samples.
An arrow indicates the most abundant phylum, Proteobacteria.
(b) Principal component analysis (PCA) plot of the taxonomic com-
position of the phyla in triplicate samples. The SS samples are
grouped with the dominant phylum, Proteobacteria (dashed circle).
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Class level: Microbial class distributions in the samples are
presented in Fig. S1(a). Nineteen classes of over 1% relative
abundance were selected and are shown in Fig. S1(a). Three
classes represented 34-54% of the abundance: Anaerolineae, B
-proteobacteria, and y-proteobacteria (depicted by a red-dashed
square in Fig. S1(a)). Other abundant classes were &
-proteobacteria (7.2-9.5%), o-proteobacteria (5.6-8.0%), and
Actinobacteria (2.3-9.8%).

The result of the PCA at the class level is presented in Fig.
4(b). The horizontal axis in Fig. S1(b) (PC1) explains 82.9%
of the total variance in the data and the vertical axis (PC2)
represents an additional 11.7% of the variance. As indicated by
the arrow on the right side of Fig. S1(b), PC1 was largely affected
by B-proteobacteria and y-proteobacteria. As indicated by the dash-
ed circle, a grouping occurred among the three SS samples and
B-proteobacteria, y-proteobacteria and Gemmatimonadetes, which
can be explained by the relative proportion of p-proteobacteria
and y-proteobacteria in the samples (Fig. S1(a)). The SS has
the highest proportion of B-proteobacteria and y-proteobacteria
(24.5% and 19.5%, respectively) compared to CS and NC (14.2%
and 9.3% of B-proteobacteria, and 5.7% and 3.4% of y
-proteobacteria, respectively).

Order/Family level: The distribution of taxonomic order and
family levels are presented in the supporting information (Fig.
S2 and S3). The dominance and grouping patterns at these levels
were similar to those at the phyla and class levels. As indicated
by the dashed circle in the PCA plot (Fig. S2(b)), a grouping
occurred among the three SS samples and Sphingomonadales,
Chromatiales, Thiobacillus, Strolibacterium, Methylococcales,
and Gemmatimonadales. In particular, Methylococcales and
Thiobacillus were dominant in the SS samples compared to levels
in the CS and NC samples (the dashed square in Fig. S2(a)).
In detail, Methylococcales constituted 15.9% of total abundance
in SS, but only 0.9% of the abundance in each of the other
soil types. Thiobacillus constituted 11.3% of the abundance in
SS, but only 2.5% in CS and 0.3% in NC. Methylococcales and
Thiobacillus are the dominant orders observed that belong to
the classes of y-proteobacteria and B-proteobacteria, respectively.
Note that both y-proteobacteria and B-proteobacteria were the
dominant classes and were well grouped with the SS samples,
as described above. At the family level, the pattern was similar
to that observed at the order level. Sub-classification of the two
observed dominant orders (i.e., Methylococcales, Thiobacillus)
were from the Methylomonas and Thiobacillus families, which
were more dominant in the SS samples than in the CS and
NC samples. A grouping in the PCA plot was also observed
among these families and SS samples (Fig. S3).

Genus level: Microbial genus distributions in the samples are
presented in Fig. 4. Only 28-52% of the sequences obtained
from the soils were able to be classified to a genus level (at
a bootstrap value > 80%), indicating that the bacterial genera
in the soils are largely unexplored. Twenty-five genera of over
1% relative abundance were selected, and their relative abun-
dance is depicted in Fig. 4(a). In the PCA plot, the first PC explained
79.6% of the total variance and positively correlated with
Methylobacter, Thiobacillus, Acidiferrobacter, Anaeromyxobacter,
and other unidentified genera (Fig. 4(b)). The PCA plot also
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Fig. 4. Correlation between samples and the soil bacterial community
at the genus level (a) Taxonomic composition of the bacterial
communities. The bars represent averages, and error bars repre-
sent standard deviations of relative proportions. (b) PCA of relative
abundances. The samples from stabilized soil are grouped with
some genera (indicated by red arrows). The Methylobacter spp.
and Thiobacillus spp. are correlated with stabilized layer soils
(red arrow).

shows the grouping among the three SS samples and
Methylobacter spp., Thiobacillus spp., and others (dashed circle
in Fig. 4(b)). Similar to the patterns seen at the higher taxonomic
levels, Methylobacter spp. and Thiobacillus spp. were more domi-



Jae Eun Park et al.

nant in SS samples (dashed square in Fig. 4(a)) than in the
other soil types. The SS had the highest proportion of
Methylobacter and Thiobacillus (15.3% and 10.7%, respectively,
indicated by arrows in Fig. 4(b)) compared to two other samples
(0.0% and 0.0% of Methylobacter, and 2.0% and 0.0% of
Thiobacillus for CS and NC, respectively).

Species level: Microbial species distributions in the samples
are presented in Fig. S4. Only 14-38% of the sequences were
classified to a species level (at a bootstrap value > 80%), indicating
that the bacterial species in the soils are largely unexplored.
Nineteen species with more than 1% relative abundance were
selected, and their relative abundances are depicted in Fig. S4(a).
In the PCA plot, the first PC explained 86.4% of the total variance
and was positively correlated with Methylobacter tundripaludum,
Thiobacillus thioparus, and other unidentified genera (Fig. S4(b)).
The PCA plot also shows a loose grouping among the SS samples
and Methylobacter tundripaludum, Thiobacillus thioparus and oth-
ers (Fig. S4(b)). Similar to the pattern seen at the higher taxonomic
levels, Methylobacter tundripaludum among Methylobacter spp.,
and Thiobacillus thioparus among Thiobacillus spp. were dominant
in the SS samples (dashed square in Fig. S4(a)) compared to
the other soil types. The SS has the highest proportion of
Methylobacter tundripaludum and Thiobacillus thioparus (15.0%
and 3.3%, respectively) compared to the two other soil types
(0.3% and 0.5% of Methylobacter tundripaludum, and 0.0% and
0.4% of Thiobacillus thioparus for CS and NC, respectively).
At the species level, Methylobacter tundripaludum had the high-
est relative abundance (627 sequences among total 4,178 se-
quences) in the microbial community (Fig. S4(a)).

™

CCA2 (37.6%)

-3 3

CCA1 (57.0%)

Fig. 5. Canonical correspondence analysis (CCA) based on relative abun-
dances at the species level in conjunction with physicochemical
properties of the samples. Red crosses indicate all species
(sequences). Open circles indicate each of the triplicate samples
of the three soil types. Black arrows indicate each physicochemical
property of soils.
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The result of the canonical correspondence analysis with
Monte Carlo permutations is presented in Fig. 5. The first axis
explained 57.0% of the total variance and the second axis ex-
plained 37.6% of the total variance. The first axis was positively
correlated with heavy metals and CEC, but negatively correlated
with LOL The length of the environmental parameter arrows
in the ordination plot indicates the strength of the relationship
of that parameter to community composition. The result showed
that the bacterial community structure was significantly affected
by heavy metal concentration. Furthermore, the SS samples are
positively correlated with heavy metals (the right side of Fig.
5). The CCA plot also distinguished the SS samples from the
other soil types, and the heavy metals seem to be the major
contributor to this differentiation.

Similarly, the SS samples are positively correlated with CEC
and negatively correlated with LOI. CEC is a measure of how
many cations (e.g., heavy metals) are retained due to the negative
charge of soil particles, and it is apparent that there is a positive
correlation between heavy metals and CEC in these samples.
On the other hand, the organic matter represented by LOI is
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A
0.02

Fig. 6. Phylogenetic tree of 13 representative bacteria in the - proteobac-
teria class from the SS sample. Methylobacter tundripaludum is
the dominant species (i.e., selectively grown) in the SS sample
as indicated by the arrow.
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often associated with hydrophobic contaminants such as
DNAPLs, which may explain why the LOI was negatively corre-
lated with the stabilized layer. However, these findings may
be too preliminary for confident conclusions due to the low
number of CEC and LOI measurements. The relationships seen
in the CCA plot regarding CEC and LOI are probably derived
from the higher CEC and the lower LOI of the SS samples com-
pared to the other soil samples.

A phylogenetic analysis was also conducted to present the
phylogenetic affiliation of the dominant species in the SS sam-
ples, which contains the substantial amount of heavy metals.
The SS had the dominant species, Methylobacter tundripaludum,
which belongs to the y-proteobacteria class. The sequences of
the 13 identified bacterial species of y-proteobacteria in the SS
were used to construct a phylogenetic tree (Fig. 6). The phyloge-
netic tree of the SS samples represents well the dominant bacterial
populations of the heavy metal enriched environment, which
are the methanotrophic microorganisms such as Methylobacter
tundripaludum.

4. Discussion

The stabilized layer soil showed lower bacterial diversity and
richness than that of the control soils. Since the stabilized layer
soil contained higher concentrations of heavy metals, the lower
diversity and richness can be attributed to the higher heavy
metal concentrations. This is consistent with the findings by
Chodak et al. [30], which reported a reduction in soil bacterial
diversity due to heavy metal contamination. Sheik et al. [31]
have also previously reported a substantial reduction in bacterial
diversity in As and Cr contaminated soils. Therefore, the bacterial
diversity index can function as a stability indicator and can
be used to describe biological dynamics including stresses on
soil bacterial communities [32].

To elucidate the detailed bacterial community profile of the
stabilized soil, the pyrosequencing-based microbial analysis of
the taxonomic hierarchy ranging from species to phyla. At the
phyla level, a relatively higher percentage of Proteobacteria was
observed in the stabilized layer soil compared to the cover layer
soils. Furthermore, a relatively lower percentage of Acidobacteria
and Actinobacteria were observed in stabilized layer soils than
the cover layer soils. These observations are consistent with
several prior studies in which heavy metal contamination of
soils induced an increase in Proteobacteria and a decrease in
Acidobacteria or Actinobacteria [19, 33]. Similarly, Sheik et al.
[31] reported a prominent shift occurred towards Proteobacteria
in As and Cr contaminated soils.

The major classes of bacteria found in the SS samples were
Anaerolineae, p-proteobacteria, y-proteobacteria, and «
-proteobacteria. Several studies have reported higher abundances
of Anaerolineae [34], a-proteobacteria, and y-proteobacteria [35]
at heavy metal contaminated sites. Within the y-proteobacteria
and B-proteobacteria, Methylococcales and Thiobacillus were the
dominant orders, respectively. This is consistent with the ob-
servations of Chen et al. [36] where Methylobacterium and
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Thiobacillus were the dominant members in mine tailings.
Previously, Methylococcales abundance was also reported in
an organic fertilizer, and it may also indicate contamination
with hydrocarbons [37, 38].

At the genus level, Thiobacillus and Methylobacter were domi-
nant in the stabilized layer soil. Thiobacillus spp. is known as
one of the chemolithoautotrophs that are acidophilic and aerobic.
It is known to have an ability to solubilize heavy metals by
producing sulfuric acids and heavy metal complexing agents
[39]. In addition, the bacteria that are most active in bioleaching
belong to the Thiobacillus genus [40]. Therefore, Thiobacillus
spp. have frequently been reported as a dominant species in
the mining environment [37, 41]. The heavy metal-tolerant genera
including Thiobacillus may have an ability to survive in highly
contaminated soils. Therefore, the heavy metal-tolerant genera
may be dominant in soils with high concentrations of heavy
metals.

Likewise, Methylobacter spp. has been shown to have a sig-
nificantly higher metal resorption ability [42], and hence, they
can survive in highly contaminated soils. Among the
Methylobacter spp., Methylobacter tundripaludum was the prom-
inent species (Fig. 6). Methylobacter tundripaludum was first
identified in arctic wetland soil in Norway [43]. Methylobacter
tundripaludum is known as one of the methanotrophic, aerobic
methane-oxidizing bacteria (MOB). MOB are a unique and im-
portant group of bacteria that act as natural filters, controlling
the release of methane from anoxic soils [44]. More importantly,
Methylobacter are known to have a high tolerance for heavy
metals such as Zn, Cd, and Ni [45].

As shown in prior studies, methanobactin in methanotrophic
bacteria can bind to a variety of metals and may play an important
role in solubilizing metals in situ [46, 47]. Methanobactin appears
to be responsible for copper trafficking [47-49]. A large amount
of methanobactin can accumulate when methanotrophs grow
under copper-limited conditions [48, 49]. Therefore, Methylobacter
tundripaludum has the potential to tolerate heavy metals and
to bind a variety of metals. Even though this species and its
capabilities are largely unexplored, heavy metal binding ability
and/or metal tolerance may allow Methylobacter tundripaludum
(and its protein, methanobactin) to become a suitable bio-in-
dicator of heavy metal contamination and/or site stabilization.

To employ Methylobacter tundripaludum as a bio-indicator
of heavy metal contamination or stabilized soils, further studies
are necessary to isolate the members of Methylobacter spp. that
may have the capacity for heavy metal binding and tolerance.
This is to be followed by elucidating their mechanisms for metab-
olizing heavy metals as well as co-existence.

5. Conclusions

The sites in proximity to exhausted mine areas are usually stabi-
lized and used for general agricultural purposes. However, the
immobilization of heavy metals by the stabilization process is
temporary. Therefore, leaching will occur eventually, and this
can lead to catastrophic contamination of agricultural produce
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and groundwater. Therefore, it is useful to implement long-term
monitoring of stabilized sites via periodic microbial analysis
as well as with leaching tests. Simple diversity indices such
as the Shannon index can be an appropriate microbiological
tool. In addition, we have identified Methylobacter spp. or
Methylobacter tundripaludum as a potential bio-indicator for as-
sessing heavy metal contamination. To further verify the correla-
tion of heavy metals contamination with the abundances of
Methylobacter spp, more site studies are necessary.
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