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Abstract In recent years, the importance of microbial
diversity and function to ecosystem restoration has been
recognized. The aim of this work was to investigate the
diversity and composition of bacterial communities in
response to reclamation of a soil subsidence area af-
fected by mining activities. Soil samples were taken in
two seasons (December 2012 and July 2013) from a
mining reclamation region at the Liuxin national recla-
mation demonstration area in China and an adjacent
coal-excavated subsidence region. 454 high-throughput
sequencing technology was used to compare the com-
position and diversity of bacterial communities in re-
claimed soil to that in subsided soil. Predominant phyla
in soils were Proteobacteria, Actinobacteria, Acidobac-
teria, and Planctomycetes, with Proteobacteria making
up the majority of the community. Long-term reclama-
tion was found to have significant influences on bacterial
communities, and the bacterial community diversity and
composition varied between reclaimed and subsided soil.
Seasonal fluctuations also contributed to variation in
soil bacterial diversity and community composition, but
were minor in comparison to effects of reclamation.
Differences observed in bacterial community structure
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and diversity were related to both fertilizer treatment
and vegetation, likely through the effects of soil attri-
butes. Soil organic matter and total nitrogen and avail-
able potassium were important factors shaping the
microbial communities. The reclaimed soil had higher
community diversity of bacteria than subsided soil,
which suggests that long-term applications of organic
amendments and vegetation mixed sowing had signifi-
cant impacts on soil remediation and microbial diver-
sity.

Keywords Bacterial community - Reclamation -
Seasonal variation - High-throughput 16S rRNA
sequencing

Introduction

Ecological restoration and mine reclamation have be-
come important parts of sustainable development
strategies in many countries (Ingram et al. 2005). The
need to assess the effectiveness of reclamation strategies
on reconstructed soil has been promoted (Sheoran et al.
2010; Lewis et al. 2012). Historically, the criteria for
evaluating the success of land reclamation have largely
involved assessments of soil quality, physicochemical
characteristics, and vegetation coverage (Mummey et al.
2002; Hahn and Quideau 2013). In contrast, the micro-
bial ecology of soil with respect to reclamation remains
poorly understood. Microorganisms are particularly
sensitive to environmental change, and changes in
microbial activity, community structure, and function
can serve as indicators of anthropogenic impact and
even predict the success of the restoration of degraded
environments (Kaschuk et al. 2010). However, it re-
mains unclear what influence land reclamation might
have on the recovery of the soil bacterial community.
Although several recent studies have assessed the effects
of soil reclamation on microbial populations, microbial
biomass, and activity (Dimitriu et al. 2010; Fan et al.
2011), little is known about the impact of reclamation on
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the shaping of bacterial microbiota associated with coal-
mining disturbed land. There is a considerable dearth of
information regarding the responses of soil microbial
communities to edaphic factors, vegetation, and seasons,
which are important driving factors determining soil
microbial diversity and community composition.
Recently, 454 pyrosequencing technology has al-
lowed investigation of microbial diversity at levels pre-
viously not feasible. This technique has already been
applied to various investigations focusing on species
diversity in forests, aquatic environments, grasslands,
and farmland (Kuffner et al. 2012; Garcia-Orenes et al.
2013). To date, limited comprehensive data describing
bacterial communities in mining-impacted terrestrial
ecosystems using pyrosequencing analysis are available
(Dimitriu et al. 2010). This is to a large extent because
no study has yet discussed the characterization of bac-
terial diversity in reclaimed soil in depth.
Understanding the response of soil microbial com-
munities to land reclamation and restoration has
important implications for the restoration of soil fertility
and reestablishment of microbial communities. The
present study provides an assessment of long-term land
remediation through pyrosequencing-based comparative
analyses of the bacterial community in reclaimed soils
(RE) and excavated subsided soils near coal mines (SU).
Changes in the structure and diversity of the soil bac-
terial community were evaluated over two sampling
periods. The current study explored how bacterial
community structure and diversity changed with differ-

ent seasons and soil systems and identified possible
relationships with soil abiotic factors. It is here
hypothesized that (1) both the fertilizer treatment and
vegetation involved in reclamation would affect, to
varying extents, the soil microorganisms, and that (2)
the variation in bacterial communities might also be
associated with environmental and soil chemical condi-
tions.

Materials and methods
Study area and sample collection

The study was carried out at the Liuxin national recla-
mation demonstration area (34°23'49” to 34°24’30”N
and 117°06’50” to 117°08'34”E, Fig. 1), located
approximately 60 km north of Xuzhou, Jiangsu Prov-
ince, in eastern China. Two experimental regions in the
Liuxin Mine were chosen for sample collection repre-
senting two soil systems: (1) RE, a mining reclamation
region with a > 13-years reclamation history by means
of planting a mixture of legumes with gramineous grass;
and (2) SU, an adjacent unreclaimed post-mining region
with considerable subsidence that had not previously
been treated. Region RE has received fertilizer with or-
ganic amendments at a rate of approximately 3-5 Mg
ha™! (once or twice a year). Most of the organic
amendments applied have been fresh vegetable residues
with high carbon/nitrogen ratios, composted vegetables,
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Fig. 1 Study area and sampling locations. a Map of two sampling spots located in the Liuxin Mine region; b map of China and the
location of Jiangsu province; ¢ location of Liuxin Mine in Jiangsu Province. RE mining reclamation land, SU mining subsidence land



and animal waste. The vegetation is dominated by al-
falfa (Medicago sativa), white clover (Trifolium repens),
and ryegrass (Lolium perenne), which were planted at a
sowing ratio of 3:3:2. Region SU (prior to reclamation),
the coal-mining subsidence land affected by >20-years
underground coal mining activity, was spontaneously
colonized by vegetation including Salix babylonica L.
and Populus tremula (15-20 years old).

Eleven sites were chosen in both the mining recla-
mation region and the subsidence region (22 sites in
total). Soil sampling was conducted twice, once in
December 2013 and again in July 2013. Three soil cores
(2.5 cm diameter) from 0 to 20 cm depth were randomly
collected and mixed for each sampling site. In this way, a
total of 44 soil samples were collected during two sea-
sons, including 11 each from RE-D and RE-J in region
RE and 11 each from SU-D and SU-J in region SU. ““-
D” and “-J” designations for RE and SU indicate that
these were samples collected in December and July,
respectively. After the soil was sieved through a 2 mm
mesh and manually homogenized, all samples were
placed in polyethylene bags in triplicate and transported
to the laboratory for DNA extraction. One portion was
stored at —80 °C prior to molecular analyses, and the
other was stored at 4 °C for 24 h, and then air-dried at
40 °C for chemical analysis.

Soil physicochemical analysis

Soil organic matter content (SOM) was determined as
reported by Wilson and Sander (1996). Total nitrogen
(TN) was determined using Kjeldahl’s method as mod-
ified by Bremner and Mulvaney (1978). Total phos-
phorus (TP) content was measured using the ammonium
molybdate spectrophotometric method (Pan et al.
2003).The concentrations of available potassium (AK)
were measured using the 1 mol L' neutral NH,OAC
method (Bao 2008). Soil pH was measured using a Hach
pH meter (Hach Company, Loveland, CO, USA) (1:5
soil/water). The 11 soil samples of each group (RE-D,
RE-J, SU-D, SU-J) were used for the chemical tests.
Analyses were repeated three times, and the data were
averaged.

For extraction of soil DNA, the E.Z.N.A.® Soil
DNA Kit (Omega Bio-Tek Inc., Norcross, GA, USA)
was used with 0.5 g of soil according to the manufac-
turer’s instructions. To assess DNA quantity and purity,
the crude DNA extracts (2 pl) were run on 1 % agarose
gel and analyzed by microspectrophotometer. (Nano-
Drop 2000, NanoDrop Technologies, Wilmington, DE,
USA). Extracted DNA was diluted to 2 ng pl~' for
samples from RE-D, 2.2 ng pl~' for SU-D, 2.1 ng pl~!
for RE-J, and 2.4 ng pl~! for SU-J before PCR ampli-
fication.

Bacterial 16S-rRNA genes were amplified using the
following set of primers: 27F (5-AGAGTTTGATCCT
GGCTCAG-3’) and 533R (5-TTACCGCGGCTGCTG
GCAC-3") (Cabrera-Rubio et al. 2012). PCR was carried
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out in triplicate with 20 ul of the reaction mixture
comprising 4 ul of five-fold FastPfu buffer, 2 ul of
2.5 mM dNTPs, 5 uM of each primer, 0.4 pl of diluted
DNA sample, 0.4 pl of TransStart FastPfu DNA Poly-
merase, and approximately 10 ng of DNA template
using the PCR Gene Amp 9700 (Applied Biosystems,
Foster City, CA, USA). The following thermal cycling
scheme was used: initial denaturation at 95 °C for
2 min, followed by 25 cycles of denaturation at 95 °C for
30 s, annealing at 55 °C for 30 s, and elongation at
72 °C for 30 s followed by a final extension at 72 °C for
5 min. All samples were amplified in triplicate, pooled in
equal amounts, and purified using an Axy Prep DNA gel
extraction kit as recommended by the manufacturer
(Axygen, Biotechnology, Hangzhou, China). Quantifi-
cation of the PCR products was performed using the
PicoGreen® dsDNA Quantitation Reagent (Molecular
Probes, Eugene, OR, USA) and a QuantiFluor™-ST
Real-time PCR System (Promega, Madison, WI, USA)
as recommended by the manufacturer. After quantita-
tion, the amplicons from each reaction mixture were
pooled in equimolar ratios based on concentration and
subjected to emulsion PCR to generate amplicon li-
braries, as recommended by 454 Life Sciences (Branford,
CT, USA). Amplicon pyrosequencing was performed
from the A-end using a 454 Roche GS FLX +
Sequencing Method Manual XLR70 kit on a Roche
Genome Sequencer GS FLX Titanium platform (Roche,
NJ, USA) at Majorbio Bio-pharm Technology Co., Ltd,
Shanghai, China.

Data analysis

Before the 454 pyrosequencing and microbial analysis,
11 samples from the same treatment at each sampling
time were pooled together for one mixed soil sample.
Thus, there were four sets of mixed samples (RE-D, RE-
J, SU-D and SU-J) for the comparative analysis of
bacterial communities. Three repeated tests were per-
formed for each set and the resulting data were aver-
aged. The data sets generated from pyrosequencing were
analyzed with a comprehensive bioinformatics software
package, MOTHUR (http://schloss.micro.umass.edu/
mothur/Main_Page), for pre-processing, identification
of operational taxonomic units (OTUs), taxonomic
assignment and statistical analysis (Schloss et al. 2009).
To normalize our data, the data were subsampled from
the original dataset before the assessment of OTUs.
Before analysis of the pyrosequencing data, all failed
sequence reads, sequences shorter than 200 bp, and se-
quences containing ambiguous bases, low-quality se-
quence ends and tags were removed, and the remaining
sequences were divested of any nonbacterial ribosome
sequences and chimeras using the UCHIME algorithm
(Edgar et al. 2011). For taxonomy-based analysis, the
RDP Classifier of the Ribosomal Database Project
(RDP) was used at a confidence threshold of 80 %
(Wang et al. 2007). For the determination of OTUs,
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sequences were assigned to phylotype clusters at cutoff
levels of 3, 5, and 10 %, and the sequences from each
OTU were taxonomically assigned to a bacterial 16S
rRNA Silva reference alignment using a naive Bayesian
classifier. The clusters were constructed at a 3 % dis-
similarity cut-off and served as OTUs for determining
richness and diversity indices, ACE, Chao (Chao and
Bunge 2002), and Good’s coverage using MOTHUR
(Schloss et al. 2009).

Statistical significance was determined by one-way
analysis of variance (ANOVA) followed by Dunnett’s
T3 post hoc test. A two-way ANOVA was applied to
analyze the effects of season and reclamation treatment
on microbial communities. To compare bacterial com-
munity structures across all samples based on the rela-
tive abundance of bacterial phyla and proteobacterial
classes, principal components analysis (PCA) was per-
formed using CANOCO for Windows (ter Braak and
Smilauer 2002). Correlations among physicochemical
and microbiological characteristics were conducted by
Spearman rank correlation testing. Graphing and data
analysis were performed with SPSS BASE ver.11.5 sta-
tistical software (SPSS, Chicago, IL, USA) and Origin-
Lab Origin Pro software (version 9.0; OriginLab,
Northampton, MA, USA).

16S rRNA gene amplicon pyrosequencing data acces-
sion number

The pyrosequencing-generated sequences of the soil
bacteria reported in this paper have been deposited in
the NCBI Sequence Read Archive (SRA) database un-
der project Accession Number SRA091276.

Results

General characteristics of the pyrosequencing-derived
data set

To characterize the bacterial lineages present in the four
groups of mine soil samples collected in winter and
summer (RE-D, RE-J, SU-D, SU-J), pyrosequencing of
the V2-V3 region of the 16S rRNA genes was per-
formed. A dataset consisting of 37,611 high quality se-

quences with a read length of 500 bp across all samples
was generated. A total of 12,382, 12,130, 6,142, and
6,957 high-quality bacterial 16S rRNA gene sequences
were obtained from each sample taken from regions RE-
D, SU-D, RE-J, and SU-J, respectively (Table S1). We
were able to assign 32,363 sequences to the domain
Bacteria and to classify 31,758 (98.13 %) of these se-
quences below the domain level. The Good’s Coverage
estimator revealed that 76.8-92.9 % of the estimated
taxonomic richness was covered by the sequencing ef-
fort.

Chemical characteristics of reclaimed and subsided soils

There were relevant differences between the reclamation
and subsidence regions with respect to edaphic proper-
ties. In both seasons, the amounts of SOM, TN, and AK
were significantly higher in reclamation-treated soil
compared with the unreclaimed post-mining soil
(P < 0.05) (Table 1), although the amounts of total
phosphorus and pH were similar between the reclaimed
and subsided soils. These results were expected given the
long-term application of organic amendments during the
reclamation practice process on this area.

Differences in bacterial diversity

Rarefaction curves depicting the effect of dissimilarity
on the number of OTUs showed distinct patterns in
bacterial diversity across the four sampling groups
(Fig. 2). As suggested by Roesch et al. (2007), bacterial
diversity was evaluated using rarefaction curves for 3
(0.03), 5 (0.05), and 10 % (0.10) sequence dissimilarities.
Accurate taxonomic assignments and Alpha-diversity
estimations based on OTU picker data were made of the
species present in the soil at 3 % dissimilarity level
(Table 2). The shapes of the rarefaction curves con-
firmed that the reclaimed soil (RE) were more diverse
than the subsided soil (SU). The following trend was
found in terms of species richness at 3 % dissimilarity:
RE-D > RE-J > SU-J > SU-D. As shown in Table 2,
among samples collected in December, the maximum
predicted OTUs at 3 % dissimilarity was 2997 for RE
and 1433 for SU. For the samples collected in July, the

Table 1 Soil chemical properties (mean £+ SE) at the reclamation and subsidence regions during the two sampling periods

Region and season pH SOM (g kg™ TN (g kg™ TP (g kg™ AK (mg kg™")
December 2012

RE-D 7.90 + 0.13a 1.82 + 0.42a 2.19 + 0.22a 091 £ 0.06a 106.61 £+ 1.21a
SU-D 7.89 £ 0.12a 1.17 £ 0.39b 1.25 £ 0.27b 0.88 £ 0.07a 96.51 £+ 1.09b
July 2013

RE-J 7.90 £ 0.16a 1.79 £ 0.40a 2.11 + 0.26a 097 £ 0.07a 100.31 £+ 1.29a
SuU-J 7.87 £ 0.11a 1.10 £ 0.32b 1.21 £ 0.31b 0.91 = 0.10a 89.23 £ 1.01b

Values with different letters are significantly different under Dunnett’s T3 post hoc test at P < 0.05
SOM soil organic matter; TN total nitrogen, TP total phosphorus, 4K available potassium, RE-D reclaimed soil sampled in winter, RE-
J reclaimed soil sampled in summer, SU-D subsided soil sampled in winter, SU-J subsided soil sampled in summer
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Fig. 2 Rarefaction curves representing the numbers of operational taxonomic units (OTUs) versus the number of tags sampled from
pyrosequencing data at distances of 0.03, 0.05, and 0.10. (a, b) Rarefaction curves of reclaimed soils sampled in winter (RE-D) and in
summer (RE-J); (¢, d) Rarefaction curves of subsided soils sampled in winter (SU-D) and in summer (SU-J)

maximum predicted OTUs was 2263 for RE and 2206
for SU. The non-parametric analysis of diversity indexes
(ACE, Chaol, Shannon) showed similar trends at 3 %
genetic distance, with higher values in RE. For example,
in the winter, the ACE estimators of diversity were 7992
for RE and 3643 for SU; the Shannon indices were 7.16
for RE and 5.74 for SU. The data obtained clearly
demonstrated that reclaimed soil had significantly more
diversity than subsided soil.

Difference in bacterial community structure
between reclaimed and subsided soils

The composition of bacterial taxa differed between re-
claimed and unreclaimed post-mining soil (Fig. 3). The

dominant taxa in reclaimed soils were Gemmatimona-
detes (15.15 %), Chloroflexi (14.70 %), Actinobacteria
(11.84 %) and Nitrospirae (11.56 %), whereas in sub-
sided soils the predominant phylogenetic groups were
Actinobacteria (27.43 %), Acidobacteria (16.78 %) and
Planctomycetes (15.90 %).

Classes  Alphaproteobacteria,  Betaproteobacteria,
Gammaproteobacteria, and Deltaproteobacteria, all part
of the most dominant phylum Proteobacteria, had a
markedly different abundance between the two soil
systems (Fig. 3). Betaproteobacteria was the largest sub-
group of Proteobacteria in RE, and Gammaproteobac-
teria was the largest sub-group in SU. The relative
abundance of Gammaproteobacteria among the four
sampling groups was significantly different, and SU-D
had the highest abundance (26.28 %), followed by RE-

Table 2 Comparison of the estimated OTU richness and diversity indices for clustering at 97 % (3 %) identity

Region and season OTUs Chao Coverage ACE Shannon
December 2012

RE-D 2997 5534 (5215, 5898) 0.83 7992 (7669, 8337) 7.16 (7.13, 7.19)
SU-D 1433 2585 (2373, 2846) 0.93 3643 (3437, 3870) 5.74 (5.71, 5.78)
July 2013

RE-J 2263 4318 (4029, 4655) 0.77 5952 (5671, 6256) 7.20 (7.17, 7.24)
SU-J 2206 3707 (3489, 3963) 0.81 4766 (4552, 4999) 7.17 (7.14, 7.21)

The values in parentheses represent the upper and lower limits
ACE abundance-based coverage estimator, OTUs operational taxonomic units, RE-D reclaimed soil sampled in winter, RE-J reclaimed
soil sampled in summer, SU-D subsided soil sampled in winter, SU-J subsided soil sampled in summer
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Fig. 3 Relative abundance of the dominant bacteria phyla (prote-
obacterial classes) based on the individual sample and the whole
dataset. Sequences not classified to any known phylum are included
as “No rank”. Phylogenetic groups accounting for <1 % of all
classified sequences are summarized in the artificial group ““others”.
RE-D reclaimed soil sampled in winter, RE-J reclaimed soil
sampled in summer, SU-D subsided soil sampled in winter, SU-
J subsided soil sampled in summer

D (5.76 %), RE-J (13.32 %), and SU-J (7.38 %). Prin-
cipal component analysis (PCA) based on the relative
abundances of the different bacterial phyla and proteo-
bacterial classes confirmed that the bacterial communi-
ties in reclaimed soils differed from communities in
subsided soils (Fig. 4). The results showed that first two
axes of the PCA explained 42.1 and 35.2 %, respec-
tively, of the total variation in the data. Bacterial com-
munities from the same sampling site tended to group
together, with stronger clustering between samples from
similar soil systems than from similar sampling seasons.
As shown in Fig. 4, profiles of bacterial communities
from reclaimed soils (RE-D and RE-J) formed a cluster,
and were separated from subsided soils of different
sampling seasons (SU-D and SU-J). We observed sig-
nificantly higher relative abundances of Actinobacteria,
Bacteroidetes, Planctomycetes, Alphaproteobacteria and
Gammaproteobacteria in subsided soils than in reclaimed
soils whereas Betaproteobacteria, Firmicutes, Gemmati-
monadetes and Nitrospirae showed the opposite pattern
(Figs. 3, 4).

At the genus level, the microbial composition also
differed greatly between reclaimed and subsided soils.
To compare the distribution of bacterial genera within
sites form reclaimed and subsided soils, the respective
abundances of 16 predominant genera in different sites
were examined (Fig. 5). Regardless of different seasons,
the relative abundances of Nitrospiraceae Nitrospira
(5.15 % for RE-D, 2.67 % for RE-J), Gemmatimonas
(4.63 % for RE-D, 0.36 % for RE-J), Chloracidobacte-
rium (1.83 % for RE-D, 0.11 % for RE-J) and Pseudo-
monas (0.22 % for RE-D, 2.44 % for RE-J) were higher
in reclaimed soils than in subsided soils. The relative
abundances of Nitriliruptor, Lysobacter, Roseiflexus,
and Arthrobacter were higher in subsided compared with

1.0
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~ SOM 74 Ba‘ctem
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A
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- A mSU-J
Alpha-pr osu-D
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Fig. 4 Principal component analysis (PCA) of bacterial communi-
ties as affected by reclamation and season, based on the relative
abundance of bacterial phyla and proteobacterial classes. PCA1
explained 42.1 % and PCA2, 35.2 % of variability. Every vector
points to the direction of increase for a given variable so that soil
samples with similar bacterial communities are localized in similar
positions in the diagram. Circle and Diamond symbol types
respectively represent the reclaimed soil (RE) and subsided soil
(SU) (different soil systems). White and black respectively represent
soils sampled in December (-D) and July (-J) (different seasons).
Acido Acidobacteria, Actino Actinobacteria Bactero Bacteroidetes,
Gemmati Gemmatimonadetes, Chloro Chloroflexi, Firmi Firmi-
cutes, Nitro Nitrospirae, Plancto Planctomycetes, Verruco Ver-
rucomicrobia, Alpha-pr Alphaproteobacteria, Beta-pr
Betaproteobacteria, Gamma-pr Gammaproteobacteria, Delta-pr
Deltaproteobacteria. SOM soil organic matter, TN total nitrogen,
TP total phosphorus, AK available potassium

reclaimed soils (8.94 vs. 0.09 %, 2.03 vs. 0.59 %, 1.22 vs.
0.47 %, and 1.20 vs. 0.17 %, respectively).

Seasonal variations in bacterial community composition

The change in dominant groups of bacterial communi-
ties with seasons was also noted. The relative abundance
of Acidobacteria and Bacteroidetes was higher in samples
collected in July (RE-J and SU-J) than in those collected
in December (RE-D and SU-D) (24.76 vs. 2.78 % and
13.32 vs. 6.77 %, respectively). Relevant differences
were also found in the proportions of four Proteobac-
teria sub-groups: Gammaproteobacteria were more
abundant in December soil samples than in July samples
(32.04 vs. 20.7 %), whereas Deltaproteobacteria were
more abundant in July soil samples than in December
ones (19.83 vs. 9.16 %). 16S rRNA gene surveys showed
that bacteria belonging to Acidobacteria and Nitrospirae
were rare or absent from the December samples of
subsided soil (SU-D). Even within the same region,
bacterial community structures differed between the time
of sampling, and the species evenness of July samples
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RE-J reclaimed soil sampled in summer, SU-D subsided soil
sampled in winter, SU-J subsided soil sampled in summer

was greater than that of December ones. Thus, the shifts
in soil bacterial community composition correlated with
a change from winter to summer.

Impact of soil properties on the relative abundances
of bacterial taxa

We found a significant association between relative
abundances of popular phyla (proteobacterial classes)
and physicochemical properties in the soils. In partic-
ular, SOM and AK showed the highest correlation with
the Bray-Curtis dissimilarities of bacterial taxa com-
position in both sampling periods. As is seen from
Fig. 4, abundant phyla of RE samples were more alike
and correlated with higher SOM and TN contents, as
shown by their close grouping and by the vectors. On
the other hand, bacterial communities of SU formed a
separate group associated with higher AK contents and
lower TN and SOM contents. We found that dominant
bacterial phyla (proteobacterial classes) such as Chlo-
roflexi, Firmicutes, Gammaproteobacteria, Betaproteo-
bacteria and Nitrospirae were spread in quadrant II.
The relative abundances of those abundant phyla were
positively correlated with SOM, TN and TP. We also
found strong correlations between AK and relative
abundances of bacterial groups. The abundances of
Alphaproteobacteria and Gammaproteobacteria were
negatively correlated with soil AK, whereas the abun-
dances of Acidobacteria, Deltaproteobacteria and
Planctomycetes were positively correlated with AK.
Overall, relative abundances of the most abundant
phyla were significantly correlated with AK, SOM, and
TN. Soil pH and TP were also environmental factors
affecting microbial communities.
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Relationships between soil chemical properties
and microbiological parameters

There was a positive correlation between microbial
diversity parameters and the contents of SOM, TN, TP,
AK, and pH (r = 0.583-0.782, P < 0.05 or P < 0.01)
(Table 3). The correlation analysis indicated highly sig-
nificant positive correlations between SOM and Chao,
Shannon index, and ACE (P < 0.01). Highly significant
positive correlations were also observed between soil
AK and those microbiological parameters (Chao,
Shannon index, and ACE) (P < 0.01). These results
suggest that SOM and AK were the main factors influ-
encing soil microorganisms. In addition, bacterial
diversity parameters also showed significant correlations
with the concentrations of TN and pH (P < 0.05), but
were not significantly related to TP.

Discussion

This work represents the implementation of 454 high-
throughput sequencing technology for comparative
analysis of soil microbial communities in China. The 16S
rRNA pyrosequencing survey can provide more se-
quence information on soil bacterial communities be-
cause of its capacity to identify greater numbers of
bacteria than conventional molecular biology techniques
(Dimitriu et al. 2010; Rastogi et al. 2010). We were able
to classify 31,758 (98.13 %) of the 32,363 quality se-
quences below the domain level. The total number of
analyzed sequences and the percentage of classified 16S
rRNA gene sequences exceeded those of other pyrose-
quencing-based studies of soil bacterial communities in
mining areas (Bastida et al. 2013; Poncelet et al. 2014).
This work confirmed that this technology is suitable for
quick and comprehensive evaluations of soil microflora.

Proteobacteria and Actinobacteria were in relatively
high abundance in our sequence libraries, which is in
agreement with previous studies (Lauber et al. 2009;
Rastogi et al. 2010; Qiu et al. 2012). Regardless of sea-
sons or regions, Proteobacteria was a ubiquitous and
common group in soil (Kuffner et al. 2012; Bastida et al.
2013; Chen et al. 2013). Of the 4 sub-groups of the
Proteobacteria phyla, Gammaproteobacteria was the
most prevalent, which was different from other studies
(Roesch et al. 2007; Bastida et al. 2013; Poncelet et al.
2014). Interesting is the fact that the populations of
Pseudomonas or Pseudomonadales affiliated with the
Gammaproteobacteria were observed in significant pro-
portions in our samples, which has been reported pre-
viously by other studies in mining environments (Chen
et al. 2013). Pseudomonas play a vital role in soil nitro-
gen cycling and participate in significant ecological
processes (Rich and Myrold 2004; Keil et al. 2011). This
finding may indicate a significant role for this nitrogen-
cycling bacterial functional group in mine ecological
systems (Ye and Thomas 2001). Within the N-cycle,
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Table 3 Correlations among soil properties and microbiological diversity parameters

OTUs  Chao ACE Shannon index SOM (gkg™') TN (gkg') TP (gkg ') AK (gkg') pH
SOM (g kg™")  0.667* 0.691%*  0.711%*  (.755%* 1 - - - -
TN (g kg™ 0.696%  0.702%  0.704*  0.769%* - 1 - - -
TP (g kg”? 0.699 - - - - 1 - —
AK (gkg™")  0.733%  0.783%F  0.791*  0.815%* - - - 1 -
pH 0.587*  0.655*  0.751*  0.787* - - - - 1

SOM soil organic matter, TN total nitrogen, TP total phosphorus, 4K available potassium, ACE abundance-based coverage estimator,

OTUs operational taxonomic units

**Significant at P < 0.01; *significant at P < 0.05; insignificant correlations were omitted

nitrifying and denitrifying communities are responsible
for N-losses through nitrate (NO3™) leaching or green-
house gas emissions in the form of nitrous oxide (N,O)
(Philippot et al. 2007). It has been reported that Pseu-
domonas denitrificans and Pseudomonas fluorescens are
the main denitrifying bacteria (Ghiglione et al.1999;
Enwall et al. 2005). Pseudomonas fluorescens was found
capable of ammonification in relation to soil nitrogen
cycling (Holguin and Bashan 1996). In addition, Ac-
tinobacteria was widely distributed in both terrestrial
and aquatic ecosystems, especially in soil (Ventura et al.
2007). Similar to the findings recently reported by
Poncelet et al. (2014), our study showed that Actino-
bacteria-affiliated phylotypes were predominantly
numerically dominated by Solirubrobacteria spp. (order
Solirubrobacterales). However, their ecological signifi-
cance remains poorly understood (Ishak et al. 2011;
Poncelet et al. 2014).

Changes in the composition and diversity of soil
bacterial communities examined with pyrosequencing
after reclamation and re-vegetation of abandoned mine
land were also in agreement with distinct variation in
bacterial communities after reclamation and planting
examined with traditional extraction of DNA and
cloning by He et al. (2012). In general, bacterial com-
munity shifts across those reclaimed and subsided soil
systems followed specific trends, such that (a) an in-
crease in abundance of Firmicutes, Gemmatimonadetes
and Nitrospirae was shown in reclaimed sites, (b) a de-
crease in abundance of Actinobacteria, Bacteroidetes,
and Planctomycetes was shown in reclaimed sites, and
(c) no consistent trend was shown across systems (Aci-
dobacteria, Proteobacteria, and Chloroflexi) (Fig. 3).
Similar to our study, recent reports by Lewis et al. (2012)
and Banning et al. (2011) have shown a significant in-
crease of Firmicutes in post-mined soils undergoing
reclamation for 18 or 20 years after mining. However,
inconsistent with the earlier work by Lewis et al. (2012),
the Actinobacteria group was more abundant in sub-
sided soil (SU) than in reclaimed mine soil (RE) in this
study and, thus, suggests that the number of Actino-
bacteria sequences responded negatively to reclamation
and restoration. These findings suggest a strong likeli-
hood of functional role(s) played by bacteria belonging
to Firmicutes, Proteobacteria and Actinobacteria in soils
undergoing post-mining secondary succession (Banning
et al. 2011; Lewis et al. 2012).

The present findings indicate that soils in reclaimed
sites showed higher bacterial diversity indices and dif-
fering community compositions than subsided soils. Soil
bacterial communities were more liable to be influenced
by sampling season, reclamation and their interaction
(Table S3). However, soil microbial diversity was more
affected by reclamation than by season (Table S3).
Microbial communities from similar soil systems clus-
tered more strongly together (RE or SU) than those
from similar sampling seasons (-D or -J) (Fig. 4). These
results suggest that reclamation had greater impacts on
the microbial communities than seasonal fluctuations.
The chemical and microbiological data point to a strong
impact of reclamation on the quality of soil. SOM, AK
and TN may be key factors controlling soil bacterial
diversity and community composition. There are two
possible explanations for the differences in bacterial
communities between reclaimed and subsided soils: (1)
reclamation with long-term organic fertilizer application
showed a significant influence on the physicochemical
properties of the soil, which in turn affected bacterial
community diversity, such that different microbial
microenvironments harbored different microbial com-
munities (Zhang et al. 2010). (2) The aboveground plant
species can affect the quality and quantity of microbial
metabolic substrates, which may initiate changes in the
bacterial community and so affect function.

Previous research has shown that organic fertilizers
can generally improve soil physical and chemical prop-
erties and that they contain nutrients beneficial to
microorganisms and plants (Islam et al. 2009). Ge et al.
(2008) found long-term fertilization of soil in eastern
China with organic manure to yield distinct community
structures with more richness and diversity. Similarly,
Chu et al. (2007) found that the use of organic supple-
ments could cause significant increases in species rich-
ness and Shannon—Weaver indices over untreated plots.
It is therefore reasonable to surmise that the high
microbial diversity observed in the reclaimed soil might
be driven by its high concentrations of SOM or TN,
which could be attributed to the effectiveness of applying
organic fertilizers.

In large part, the mixed sowing of legumes with
gramineous grass could also be responsible for the in-
creased bacterial diversity in reclaimed soils. Medicago
sativa and Trifolium repens have been widely planted in
the East China Plain because of their strong tolerance to



drought and barren soil and their outstanding heat and
cold resistance (Wu et al. 2009). The community coex-
istence mechanisms of deep legume roots and shallow
grass roots can give rise to growth of the biological
nitrogen fixing bacterium, Rhizobium (Xu et al. 2010).
This is highly conducive to microbial growth and
reproduction. In this way, the higher OTUs and diver-
sity indices (Chao and ACE) obtained in reclaimed soils
are of ecological significance, as demonstrated by the
positive impact on bacterial diversity in areas with a
history of diverse crop residues and rooting systems
sown with a mixture of gramineae—leguminosae herbage.
The higher bacterial diversity of reclaimed soils high-
lights an ecological reaction of plant-cover development
in reclamation soils. The production of litter and root
exudate may create conditions that foster eco-diversity
and stable microbial communities. On the basis of these
findings, it was concluded that both vegetation cover
and fertilizer treatment affected soil bacterial commu-
nities, with soil characteristics controlling or mediating
biogeochemical processes and ecosystem functionality.

Conclusions

The results shown here confirm the hypothesis that soil
bacterial diversity and composition were significantly
affected by the 13-years land reclamation program. The
analysis of bacterial 16S rRNA-based datasets from
soils revealed statistically significant differences in soil
bacterial diversity and community structure between
the reclaimed and subsided land. Stronger clustering of
bacterial communities from the same soil system indi-
cated that reclamation practices may have a greater
influence on soil microbial communities than seasonal
variation. The analysis of effects of soil properties on
bacterial community structure revealed that SOM, AK
and TN had significant influence on bacterial commu-
nity structure and diversity. Long-term additions of
organic amendments and mixed sowing of different
herbage have significant effects on microbial commu-
nities and facilitate the improvement of bacterial
community diversity in reclaimed soils. Overall, this
work provides valuable insight into the response of
terrestrial ecosystems to soil reclamation of abandoned
mine land and demonstrates the considerable potential
of pyrosequencing in characterizing soil microbial
communities.
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