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Abstract

The growing concern about the effectiveness of reclamation strategies has

motivated the evaluation of soil properties following reclamation. Recovery of

belowground microbial community is important for reclamation success, however,

the response of soil bacterial communities to reclamation has not been well

understood. In this study, PCR-based 454 pyrosequencing was applied to compare

bacterial communities in undisturbed soils with those in reclaimed soils using

chronosequences ranging in time following reclamation from 1 to 20 year. Bacteria

from the Proteobacteria, Chloroflexi, Actinobacteria, Acidobacteria,

Planctomycetes and Bacteroidetes were abundant in all soils, while the

composition of predominant phyla differed greatly across all sites. Long-term

reclamation strongly affected microbial community structure and diversity. Initial

effects of reclamation resulted in significant declines in bacterial diversity indices in

younger reclaimed sites (1, 8-year-old) compared to the undisturbed site. However,

bacterial diversity indices tended to be higher in older reclaimed sites (15, 20-year-

old) as recovery time increased, and were more similar to predisturbance levels

nearly 20 years after reclamation. Bacterial communities are highly responsive to

soil physicochemical properties (pH, soil organic matter, Total N and P), in terms of

both their diversity and community composition. Our results suggest that the

response of soil microorganisms to reclamation is likely governed by soil

characteristics and, indirectly, by the effects of vegetation restoration. Mixture

sowing of gramineae and leguminosae herbage largely promoted soil geochemical
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conditions and bacterial diversity that recovered to those of undisturbed soil,

representing an adequate solution for soil remediation and sustainable utilization

for agriculture. These results confirm the positive impacts of reclamation and

vegetation restoration on soil microbial diversity and suggest that the most

important phase of microbial community recovery occurs between 15 and 20 years

after reclamation.

Introduction

Mining activities result in extensive soil damage, causing drastic disturbances in

landscape, altering the ecological environment of soil microorganisms, thereby

disrupting the functional stability of the microbial community [1]. The ultimate

goal of mine land reclamation is the reestablishment of a productive, healthy and

sustainable ecosystem suitable for post-mining land use [2, 3]. Because of the

important ecosystem functions mediated by microorganisms in the soil, recovery

of the soil microbial community is a critical step in achieving the goal of soil

restoration for its sustainable and beneficial use [4]. Currently, criteria for

successful restoration have largely been restricted to soil erosion, physicochemical

status and vegetation characteristics [5–7]. Analysis of microbial ecological

indicators such as microbial populations, microbial communities and function

diversity in reclamation evaluation were relatively uncommon [8]. Changes in

microbial community can precede detectable changes in soil physicochemical

properties, thereby providing early signs of environmental stress or ecological

environment evolution in the mining area [9]. Although microbial communities

regulate important ecosystem processes, it is often unclear how the abundance

and composition of microbial communities correlate with reclamation and

interact to affect ecosystem processes. Previous studies on the effect of land

reclamation have primarily focused on the physical properties, chemical

characteristics, or heavy metal pollution of reclaimed mine soil [10–12]. There are

few studies on general soil microbial community recovery and these studies have

revolved around the effects of soil reclamation on microbial populations,

microbial biomass and activity [9, 12, 13, 14]. In case of mine soils, recovery of soil

bacterial diversity and structure in disturbed and reclaimed lands is not well

understood.

Successful reclamation not only depends on the methods of mining, height and

slope of dumps, nature of mine soils, geoclimatic conditions but also on the

selection of appropriate species and their ameliorative affacts on mine soils [15].

In China, N-fixing species of legumes, grasses and trees are commonly used for

reclamation of coal mine degraded land, thus a mix-planting experiment on

annual legume with gramineous forage grass was conducted in our study. The

establishment of plant cover in degraded land aims to accelerate soil-forming
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processes, control erosion, build up organic matter, develop microbial commu-

nities, initiate nutrient cycling and enhance overall aesthetics of the area [16].

In the present study, the recovery of soil microbial community in reclaimed

sites were examined using chronosequences ranging in time following reclamation

from 1 to 20 year. The chronosequence approach has effectively been used to

examine the effect of time on ecological succession, soil development and

vegetation recovery following disturbance [17–19]. The chronosequence design

can assist in our understanding of recovery of soil microbiota over large time

periods, and can provide information critical to manipulate successional processes

for restoration [20].

This study was conducted to investigate the response of bacterial communities

to land reclamation and re-vegetation of different reclamation ages. The 454

pyrosequencing technology was applied to describe microbial community

recovery through time in reclaimed soils and compare reestablished bacterial

community structure and diversity in reclaimed mine soils with those found in

undisturbed soils. We hypothesized that reestablished microbial diversity and

community composition in long-term reclaimed mine soils would be more

similar to those in undisturbed soils. We also hypothesized that variations in

bacterial communities might also be associated with soil physical-chemical factors

such as pH, soil total nitrogen, phosphorus, organic matter and available

potassium.

Materials and Methods

Ethics statement

In our study, the research samples were reclaimed soils in the coal-mining

reclamation land and undisturbed soils in farmland. Permits for access to

sampling sites and for collection of soil samples were obtained from the Tongshan

Land Resources Bureau. The field studies did not involve endangered or protected

species.

Site description

The study was carried out in the Liuxin reclamation demonstration area in

Tongshan District, approximately 10 km north of Xuzhou, northwestern Jiangsu

Province, and is dominated by a North Temperate Zone monsoon climate. The

area has an average annual temperature of 13.8 C̊ and receives approximately

868.6 mm of annual precipitation, with an average of 486.4 mm occurring as

rainfall during the growing season.

An undisturbed reference site (UND), and a series of reclaimed sites (REC)

from the Liuxin Coal Mine were chosen for soil sampling, with reclamation

treatments including the following recovery times (in years): 1, 8, 15 and 20. All

sampling sites were arranged adjacent to one another, allowing for climate,

topography, and parent material to be consistent across study sites. REC, a mining

Land Reclamation and Revegetation Affect Soil Bacterial Diversity

PLOS ONE | DOI:10.1371/journal.pone.0115024 December 11, 2014 3 / 24



reclamation land surface mined during the late-1980s. The REC consisted of four

sites including 1-, 8-, 15- and 20-yr-old reclamations comprising of backfilling,

topsoil handling, application of organic amendments, planting a grass-legume

mixture and mulching with crop residues. Detailed information on the organic

manure has been given before [21].The vegetation is dominated by alfalfa

(Medicago sativa), white clover (Trifolium repens) and ryegrass (Lolium perenne),

which were planted at a sowing ratio of 3:3:2. UND, an adjacent (,1 km) natural

land that had not been cultivated since the 1980s, was selected as a reference site.

At the time of sampling, vegetation in the undisturbed soil was ,90% arbor and

,10% wild plants, composed predominantly of arborvitae, elm, locust (Robinia

pseudoacacia L.), green foxtail (Setaria viridis) and eleusine indica.

Soil sampling and analysis

Soil sampling was conducted in 2013 during periods of active vegetation growth

and prior to vegetation senescence. On each reclamation site (REC-1, REC-8,

REC-15, REC-20) and one reference site (UND), three 45 m transects were

randomly set up, which served as the basis for all sampling. Transects fell beside

one another and were separated by 10–20 m from end-to-end. Four randomly

located points along each transect served as locations for soil sampling

(S1 Figure). Samples of bulk soil were collected at a depth of 0–20 cm from each

sampling point by use of an auger (3 cm diameter), resulting in 12 samples per

restoration time (four per transect), plus additional 12 samples for the

undisturbed soil. Four sampling points were composited and each transect was

considered a replicate of each site due to the difficulty in finding reclaimed sites of

the same age, and thus we obtained three values for physicochemical parameters

and biodiversity indices. When the soil samples were sieved (,2 mm), with

aboveground plant materials, roots and stones being removed, all soil were stored

on ice upon collection and transported to the laboratory for DNA extraction. A

portion of soil samples was air-dried and crushed in a porcelain crucible in order

to determine chemical and physical properties (Table 1).

The soil pH was measured with an acidity meter (Sartorius PT-21, Shanghai,

China) in a 1:5 soil-water mixture. Soil organic matter content (SOM) was

determined with dichromate oxidation method [22].Total nitrogen (Total N) and

phosphorus (Total P) in soil were extracted by Kjeldahl digestion [23] and using

ammonium molybdate spectrophotometer [24], respectively. Available potassium

(Available K) was determined by ammonium acetate and determined by flame

photometry [25].

DNA extraction, 16S rRNA amplification and pyrosequencing

Genomic DNA was extracted from 500 mg of soil sample using the E.Z.N.A. Soil

DNA Kit (Omega, Bio-Tek, Inc., Norcross, GA U.S.) as described by the

manufacturer. The genomic DNA concentration and purity were determined by

using agarose gel electrophoresis (1%) and microspectrophotometry
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(NanoDropÒND-2000, Nan Drop Technologies, Wilmington, DE, U.S.). All

DNA samples were diluted to equivalent 0.5 ng/ml concentrations for a 20-ml PCR

reaction.

The set of primers: 27F (59-AGAGTTTGATCCTGGCTCAG-39) and 533R (59-

TT ACCGCGGCT GCTGGCAC-39) was used to amplify the V2–V3 hypervariable

region of the 16S rRNA gene [26]. PCR was carried out in triplicate with 20 ml of

the reaction mixture comprising 4 ml of five-fold FastPfu buffer, 2 ml of 2.5 mM

dNTPs, 5 mM of each primer, 0.4 ml of diluted DNA sample, 0.4 ml of TransStart

FastPfu DNA Polymerase, and approximately 10 ng of DNA template by using the

PCR Gene Amp 9700 (Applied Biosystems, Foster City, CA, U.S.).The PCR

conditions were 95 C̊ for 2 min, 25 cycles of 95 C̊ for 30 s, 55 C̊ for 30 s, and 72 C̊

for 30 s extension followed by 72 C̊ 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). Quantification of the PCR products was performed using the

PicoGreen dsDNA Quantitation Reagent (Molecular Probes, Eugene, OR, U.S.)

and a Real-time PCR System (Promega, Madison, WI, U.S.) as recommended by

the manufacturer. After quantitation, the amplicons from each reaction mixture

were pooled in equimolar ratios based on concentration and subjected to

emulsion PCR to generate amplicon libraries, as recommended by 454 Life

Sciences. PCR products were submitted to Shanghai Majorbio Bio-pharm

Technology Co., Ltd. for pyrosequencing using a 454/Roche GS-FLX Titanium

Instrument (Roche, NJ, U.S.).

Analysis of pyrosequencing data

After trimming of the barcodes and primers, bacterial sequences that were shorter

than 200 bp in length and reads containing ambiguous bases or any unresolved

nucleotides were removed from the pyrosequencing-derived datasets. The trim of

the reads was performed by using the bioinformatics software package, seqcln and

mother (http://sourceforge.net/projects/seqclean/&http://www. moth ur.org/wiki/

Main_Page). After that, reads were taxonomically assigned to a bacterial 16S

Table 1. General physical and chemical properties (n53, mean¡SE)* of soil for each site.

Site Site age(yr) pH SOM/(g/kg) Total P/(g/kg) Total N/(g/kg) Available K/(mg/kg)

REC 1 8.08¡0.06a 7.61¡0.81c 0.70¡0.17bc 0.81¡0.34d 100.54¡6.71e

8 8.07¡0.09a 8.79¡0.68bc 0.79¡0.19c 0.94¡0.31c 111.10¡4.71d

15 8.04¡0.05a 10.26¡0.98b 0.88¡0.09b 1.17¡0.14b 120.50¡2.47c

20 8.01¡0.02a 13.11¡1.10a 0.92¡0.11a 1.35¡0.20a 125.61¡4.21b

UND 7.99¡0.01a 13.87¡1.04a 0.99¡0.12a 1.38¡0.32a 129. 74¡6.21a

n5number of replicates of each site
*Values followed by different letters are significantly different (P,0.05) according to Duncan’s multiple comparison.
SOM, Soil organic matter; Total N, Total nitrogen; Total P, Total phosphorus; Available K, Available potassium.
Sites are designated by recovery time (in years)(REC) or as undisturbed reference (UND).

doi:10.1371/journal.pone.0115024.t001
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rRNA Silva reference alignment using a nal̈ve Bayesian classifier. The detection

and removal of chimeras were processed using a new program/algorithm,

UCHIME [27]. Sequences with similarities of greater than 97% were clustered

into one operational taxonomic unit (OTU) using the MOTHUR program [28].

The high-quality sequences were taxonomically classified using the RDP nal̈ve

Bayesian rRNA Classifier at confidence level of 80% [29]. For the determination

of OTUs, we defined species, genus and phylum level at 3, 5 and 20%, respectively

[30]. Community richness and diversity indices (Chao1 estimator, ACE and

Shannon index) and rarefaction curves were obtained using the MOTHUR

program. The 16S rRNA gene sequences derived from pyrosequencing have been

deposited in the NCBI Sequence Read Archive (SRA) under the accession number

SRA091276.

Statistical analyses

The contents of soil organic matter, Total N, Total P, Available K and pH were

tested for differences among sites with the one-way Analysis of Variance

(ANOVA). Bacterial community richness and diversity indices (ACE, Chao1,

Shannon and Simpson) were compared using one-way ANOVA. Pairwise

comparisons were made with Dunnett’s T3 post-hoc test (at P,0.05) which does

not require the assumption of homogeneity of variance and is better suited to

handle unbalanced designs. Correlations among physiochemical and microbio-

logical characteristics were conducted by Pearson correlation analysis. Graphing

and data analysis were performed with SPSS BASE ver.13.0 statistical software

(SPSS, Chicago, IL, U.S.) and OriginLab Origin Pro software (version 9.0)

(OriginLab, Northampton, MA, U.S.).

To compare bacterial community structures across all sample sites, principal

component analysis (PCA) and hierarchical cluatering analysis were performed

using the UPGMA (Unweighted pair group method with arithmetic mean)

method [31] and using CANOCO for Windows [32]. Bray–Curtis indices were

calculated and represented in a heat map format with hierarchical cluster analysis

to depict the similarity and dissimilarity between bacterial communities. The

heatmap was made with R version 2.11.0 using the heatmap function [33]. A

phylogenetic tree was also constructed from 2842 OTUs based on an evolutionary

distance of 0.03 and NCBI GenBank reference sequences using MEGAN [34]

(http://ab.inf.uni-tuebingen.de/software/megan/). To examine the relationship

between relative abundances of abundant phyla (proteobacterial classes) and soil

physicochemical properties, a redundancy analysis (RDA) was carried out [35].

Results

Selected soil physicochemical characteristics

To provide physical and geochemical context for microbial community analysis,

we compared selected physicochemical parameters of soils from the different aged
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reclamation sites with those from the undisturbed site. In general, contents of

SOM, Total N, P and Available K were consistently lower in the 1-, 8- and 15- yr-

old reclamation sites than the undisturbed reference. With an increase in

reclamation age, SOM, Total N and Available K generally increased, and the oldest

reclaimed site (20-yr-old) had similar levels of these soil variables to the

undisturbed reference. On the contrary, soil pH values changed in the range of

7.99-8.08 across all sites, and slightly declined with reclamation time increased.

As is shown in Table 1, the contents of SOM tended to be lowest in the most

recently reclaimed site (1-yr-old), significantly lower than the 15- and 20-yr-old

reclaimed sites as well as the undisturbed site, indicating a reduction in the

variability of observed SOM values following disturbance at the initial stage. But

as recovery time increased, SOM gradually increased, with higher SOM values in

the 20-yr-old site similar to the undisturbed site. REC-20 contained about 72.27%

higher SOM than REC-1, indicating that SOM increased markedly as reclamation

time increased. The contents of Total N and Available K also significantly

increased (P,0.05, Table 1) in older reclaimed sites after 15 or 20 years of

reclamation relative to the youngest reclaimed site, with an increase of 60.49%

and 24.93%, respectively. Overall, similar amount of SOM, Total N, P and

Available K were present in UND and REC-20, both of which were significantly

greater than REC-1, suggesting that long-term reclamation practice and re-

vegetation greatly improved physicochemical properties of degenerated soil to

nearly pre-disturbance levels.

Bacterial community diversity

Nonparametric indicators (Chao1, ACE, Shannon and Simpson) were used to

present community diversity of bacteria associated with reclaimed soils of

different ages and the undisturbed soil. This comparison of richness and diversity

indices revealed differences in the complexity of the bacterial communities of

these studied soil sites, suggesting a great reduction of bacterial diversity level

following reclamation especially within the first few years of recovery. However,

richness and diversity indices tended to increase with increasing time of

reclamation.

As shown in Table 2, the most recently reclaimed soil was found to have

significantly lower diversity indices compared to the undisturbed soil. REC-1 had

the lowest richness indices for Chao1 (1200¡10) and ACE (1287¡18) and the

lowest diversity for Shannon (5.17¡0.02). More complex microbial communities

tended to be associated with older reclaimed sites (REC-15 and REC-20) and

UND in comparison to younger reclaimed sites (REC-1 and REC-8). After 20-yr

reclamation, the reclaimed site had similarly higher mean values for species

richness indices of Chao1 (5426¡302), ACE (7892¡650), and diversity indices of

Shannon (7.06¡0.06) than the undisturbed soil, but the differences were not

significant. The following trend was found in terms of Simpson indices at 3%

among sites: UND,REC-20,REC-15,REC-8,REC-1, which confirmed much
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higher diversity levels of bacterial communities belonging to older reclaimed soils

than younger reclaimed soils.

The comparison of rarefaction curve and Shannon Wiener curves showed

similar trends (Fig. 1 and Fig. 2), and the following trend was found in terms of

high species richness at 3% dissimilarity: REC-20.UND.REC-15.REC-

8.REC-1. The older reclaimed sites exhibited relatively high species abundance

and diversity as compared to the younger ones, with highest number of observed

OTUs for REC-20 and lowest for REC-1. As is shown in Fig. 1 and S2 Figure, the

maximum OTU value for REC-20 and UND was ,3000 and.2000, respectively,

while the REC-1 OTU value was ,1500. The shapes of Shannon Wiener curves

(Fig. 2) also confirmed that bacterial communities in older reclaimed soils are

more diverse than the younger reclaimed ones.

Bacterial community composition

In order to analyze soil bacterial community composition, we applied 454

pyrosequencing of the V2-V3 region of the 16S rRNA gene. Sequences that could

not be identified were removed from the pyrosequencing-derived dataset and

excluded from subsequent analyses. A total of 98,133 high-quality sequences were

obtained comprising all samples, with an average length of 480 bp. 9,936, 20,087,

20,675, 24,541 and 22,894 sequences were obtained from samples of REC-1, REC-

8, REC-15, REC-20 and UND, respectively. Sequences belonging to 32 different

bacterial phyla, 81 classes, 133 orders, 195 families, 286 genera, and 299 species

were identified across all sites. Phylogenetic analysis indicated that predominant

phyla in all soils were Acidobacteria (7.82%), Actinobacteria (9.20%), Bacteroidetes

(4.80%), Chloroflexi (14.11%), Gemmatimonadetes (4.97%), Planctomycetes

(7.31%) and Proteobacteria (34.11%), accounting for 82.32% of the bacterial

sequences (Fig. 3A and S1 Table). In addition, Firmicutes (2.90%), Nitrospirae

Table 2. Estimated number of observed OTUs (at 97% similarity), richness, diversity, and coverage (n53, mean¡SE)* of soil for each site.

Site

Site
age
(yr) OTU97% Coverage Richness and diversity indices*

Chao 1 ACE Shannon Simpson

REC 1 1110¡30b 0.89¡0.01a 1200¡10c 1287¡18c 5.17¡0.02c 0.0233¡0.00a

8 1327¡32b 0.89¡0.03a 1398¡30c 1446¡30c 5.89¡0.01b 0.0119¡0.00b

15 1406¡45b 0.91¡0.22a 2458¡83b 3569¡256 b 5.79¡0.02b 0.0085¡0.00c

20 2755¡100a 0.93¡0.07a 5426¡302a 7892¡650a 7.06¡0.06a 0.0028¡0.00d

UND 2243¡105a 0.88¡0.01a 4670¡260a 5699¡505ab 7.11¡0.06a 0.0013¡0.00d

n5number of replicates of each site
*Different lowercase letters indicate statistically significant differences (P,0.05) between soil sites according to Duncan’s test at P,0.05.
OTUs, operational taxonomic units; Coverage, Good’s nonparametric coverage estimator; ACE, abundance-based coverage estimator; Shannon,
nonparametric Shannon diversity index; Simpson, nonparametric Simpson diversity index.
Sites are designated by recovery time (years) or as undisturbed reference (UND).

doi:10.1371/journal.pone.0115024.t002
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(2.28%), Verrucomicrobia (1.64%) and WS3 (0.97%) were present in all of the

samples with low abundance.

Soil bacterial community compositions and their differences among all sites

were clearly distinguished by pyrosequencing. Different patterns of community

structure were observed at the phylum and genus levels across all sites (Fig. 3B

and S3 Figure). Changes in soil bacterial community structures were also

observed among reclaimed sites of different ages, showing some variation of

abundance of each group by the timing of reclamation. Acidobacteria made up

10.25%, 13.51% and 9.58% of the total bacterial communities at UND, REC-20

and REC-15, but were present in lower percentages at REC-1(0.2%) and REC-

5(5.58%). Likewise, relative abundances of Proteobacteria -affiliated phylotypes

tended to be more abundant in older reclaimed sites (REC-20: 47.23%; REC-15:

33.20%), and slightly abundant in younger (REC-1: 23.94%; REC-15: 24.57%)

and undisturbed site (21.62%). Relative abundances of Actinobacteria -affiliated

phylotypes showed the different pattern, being more abundant in the younger

reclaimed sites (REC-1: 17.52%; REC-8: 14.01%) than in older ones (REC-15:

7.08%; REC-20: 2.99%), showing some variation of abundance of each group by

the timing of reclamation. Similarly, Chloroflexi was more prevalent in newly

rehabilitated sites, accounting for 28.2% (REC-1) and 17.59% (REC-8) of the total

Fig. 1. Rarefaction analyses of samples. Rarefaction curves of OTUs clustered at 97% sequence identity
across different samples from reclamation sites of different ages (REC) and the undisturbed reference (UND).
UND refers to site undisturbed, REC-1 to site reclaimed for 1 year, REC-8 to site reclaimed for 8 years, REC-
15 to site reclaimed for 15years and REC-20 to site reclaimed for 20 years.

doi:10.1371/journal.pone.0115024.g001
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bacterial communities, respectively. However, it only accounted for 4.71% (REC-

15) and 6.60% (REC-20) in older sites. Classes Alphaproteobacteria,

Betaproteobacteria, Gammaproteobacteria and Deltaproteobacteria, all part of the

most dominant phylum Proteobacteria, had a markedly different abundance

among different sampling sites as well: Alphaproteobacteria and

Gammaproteobacteria groups were more abundant in older reclaimed sites than

younger ones, while the Betaproteobacteria group was abundant in younger sites.

It is noted that Nitrospirae and WS3 appeared distinctively in UND and REC-20

while being negligible or absent in younger sites (REC-1 and REC-8).

Bacterial community structure and phylogenetic analysis

To compare the similarity and dissimilarity between all sample sites, hierarchical

cluatering analysis and principal component analysis (PCA) were performed

(Fig. 4A and S4 Figure). The hierarchical clustering of libraries revealed three

main groups (Fig. 4A), the first consisting entirely of samples from younger

reclaimed sites (REC-1 and REC-8), the second consisting primarily of samples

from the older reclaimed site (REC-15) and the third consisting mainly of libraries

with oldest reclaimed (REC-20) and undisturbed site (UND). Hcluster_tree

showed that the bacterial communities obtained from the soils reclaimed for 20

Fig. 2. Shannon Wiener curves of samples. Shannon Wiener curves of OTUs clustered at 97% sequence
identity across different samples from reclamation sites of different ages (REC) and the undisturbed reference
(UND).

doi:10.1371/journal.pone.0115024.g002
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years were similar to undisturbed soils, and the samples in 1-yr-old reclaimed soils

were similar to 8-yr-old reclaimed soils. Cluster analysis on this data revealed that

the undisturbed site was more similar to the 20-, 15-yr-old reclaimed sites, but

distinctly different than the 1-, 8-yr-old reclaimed sites.

Concomitantly, principal component analysis (PCA) clearly showed bacterial

community variations among these reclaimed soil sites of different restoration

time (Fig. 4B), showing some variation of abundance of each group by the timing

Fig. 3. Relative abundance of the dominant bacteria phyla in all sites combined (A) and in each site (B).
Relative abundances (.1%) are based on the proportional frequencies of those DNA sequences that could
be classified at the phylum (proteobacterial class) level. Phylogenetic groups accounting for #1% of all
classified sequences are summarized in the artificial group ‘‘Others’’.

doi:10.1371/journal.pone.0115024.g003
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of reclamation. The first and second principal components explained 76.4% and

21.61% of the variance, respectively. The bacterial communities in the soils from

sites REC-15, REC-20 and UND formed a cluster in quadrant II; samples from

REC-1 and REC-8 belong to the other quadrants. As seen from the PCA (Fig. 4B),

the profiles of bacterial communities in REC-15, REC-20 and UND were

separated from those in REC-1 and REC-8 along PC 1, and PC 2 separated

bacterial communities in REC-8 from those in REC-1, REC-15, REC-20 and

UND. Profiles of soil bacterial communities from 15-, 20- yr-old reclaimed sites

and undisturbed site tended to group together, and were clearly separated from 1-

and 8-yr-old reclaimed sites. Two younger reclaimed sites (REC-1 and REC-8)

were far away from the origin, indicating that land reclamation greatly influenced

soil bacterial community especially for the soil reclaimed for only 1 and 8 years.

We confirmed this observation by complete hierarchical clustering and

heatmap analysis (Fig. 5). The hierarchical heatmap of microbial community was

generated with hierarchical cluster based on Bray–Curtis distance indices,

displaying the relative abundances of bacterial communities across a wide range of

soil samples (UND, REC-1, REC-8, REC-15 and REC-20). The scale bar

represents percent abundances within each OTU and values ranged from 0 to

51.46% abundance. Moreover, the color in heatmap also displayed the prevalent

group in different samples. Comparison of the relative abundances revealed

significant differences between younger (REC-1 and REC-8) and older reclaimed

Fig. 4. Cluster tree (left) and PCA (right) analyses for soil bacterial communities from reclaimed sites (REC-1, REC-8, REC-15, REC-20) and
undisturbed site (UND). The hierarchical clustering analysis of bacterial communities based on Bray–Curtis distance calculated by OTUs at a distance of
3% for soil samples. The scale bar indicates an estimated change of 1%. Principal component analyses (PCA) of soil bacterial communities based on OTUs
at a distance of 3%.

doi:10.1371/journal.pone.0115024.g004
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Fig. 5. Heatmap and accompanying cluster analyses (x-axis) of all samples based on Bray–Curtis distance indices calculated by OTUs at a
distance of 3%. Percentages below the map indicate the abundance of each OTU relative to all bacterial sequences in soils that were classified in each of
the 5 sites. The relative abundance for each OTU in different sites is colored in shades of blue (low relative abundance) to green, yellow or brown (high
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(REC-15 and REC-20) soil bacterial communities. OTU1337, 209, 124, 1452 and

2285 were present in higher proportions in REC-1 and REC-8 compared to REC-

15 and REC-20 (P,0.05). Fig. 5 implies that the REC-1 was more similar to the

REC-8 samples. Both of the two sites also differed greatly from the undisturbed

site. Soil bacterial community structure changed significantly with increasing

number of years since reclamation, and were more similar to predisturbance

levels(undisturbed) nearly 15 or 20 years of recovery. Relative abundances of soil

bacterial community in REC-20 were the most similar to those in UND. For

example, OTU34, 366, 986 and 1864 showed a higher relative abundance in soils

from REC-20 and UND, while showed a lower relative abundance in soils from

REC-1 and REC-8. Moreover, a phylogenetic tree was also constructed for multi

samples from REC-1, REC-8, REC-15, REC-20 and UND sites based on an

evolutionary distance of 0.03 and NCBI reference sequences (Fig. 6). The color of

each site in small pie charts displayed the relative abundance of bacterial

community group in different samples sites.

All these analyses suggested that the dominant bacterial phyla observed in our

older reclaimed soils (REC-20 and REC-15) and control soils were present in

similar relative abundances, and the 20-yr-old reclaimed soil were more similar to

the undisturbed soil than other soils.

Effect of physicochemical factors on soil bacterial diversity and

community composition

To address the relationship between the microbial diversity parameters and soil

properties, Pearson correlation analyses were built for each variable soil

parameters, species richness (Chao1, ACE) and diversity indices (Shannon and

Simpson). Correlation analysis indicated that, in undisturbed and all reclaimed

soils, SOM showed significant positive correlations with Chao1, ACE and

Shannon (r50.571-0.729, P,0.01; P,0.05) as show by Table 3, and significant

negative correlations with Simpson index (P,0.05). Similar correlations were

obtained between soil Total N and these bacterial diversity parameters (Chao 1,

ACE, Shannon and Simpson). Bacterial diversity parameters were also in

significant correlation with the content of pH and Total P (P,0.05), but were not

significantly related to Available K.

Redundancy analysis (RDA) was performed to explore the effect of soil

properties on abundant phyla (proteobacterial classes) (Fig. 7). The first two axes

of RDA explain 88.61% and 10.06%, respectively, of the total variation in the data.

The first axis was related to variation in bacterial populations associated with

younger reclaimed sites (REC-1 and REC-8) (plotted on the far positive side of

axis 1) and the older reclaimed site (REC-15 and REC-20) (plotted nearer the

origin and on the negative end of axis 1). Abundant phyla of the UND and REC-

20 were more alike and related to higher SOM, Total N and P contents, as shown

relative abundance) as shown in the color key (bottom).

doi:10.1371/journal.pone.0115024.g005
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by their close grouping and by the vectors. On the other hand, bacterial

communities of REC-8 associated with higher pH values. SOM, Total N and P

relatively grouped together with the same directionality (Fig. 7) and showed

negative correlations with axis 1, while pH showed the positive correlation.

Among those selected soil factors, soil Total P was the most important variables

associated with the first axi. We found that dominate bacterial phyla

(proteobacterial classes) such as Actinobacteria, Alphaproteobacteria,

Gammaproteobacteria, Planctomycetes and Proteobacteria were spread in quadrant

I and IV. The relative abundance of those abundant phyla was positively

correlated with pH and negatively correlated with SOM, total P and N. We also

found that Acidobacteria and Chloroflexi had no significant correlation with all soil

properties.

The second axis was correlated with soil total N and pH. Gammaproteobacteria

and Proteobacteria were associated with relatively high soil pH values, while

Bacteroidetes and Deltaproteobacteria were associated with relatively low soil pH.

However, Gammaproteobacteria and Proteobacteria were associated with relatively

low soil total N.

Discussion

Through cultivation-independent molecular analyses, we provide an assessment of

response and recovery of soil microbial communities to disturbance caused by

mining reclamation. In the present work, we were able to classify 98,657(94.23%)

of the 104,698 quality sequences below the domain level. The total number of

analyzed sequences and the percentage of classified 16S rRNA gene sequences

exceeded those of other pyrosequencing-based studies of soil bacterial community

composition in restoration and mining sites [36-37]. Furthermore, at 3% distance

Fig. 6. MEGAN integrative taxonomic analysis of bacterial 16S rRNA data sets in multi samples form
REC-1, REC-8, REC-15, REC-20 and UND. Taxonomy analysis tree of all sample sites from 2842 OTUs
based on an evolutionary distance of 0.03 (species level) and NCBI GenBank reference sequences.

doi:10.1371/journal.pone.0115024.g006

Table 3. Correlations among soil properties and microbiological diversity parameters.

Chao 1 ACE
Shannon
index

Simpson
index SOM/(g/kg) TN/(g/kg) TP/(g/kg) AK/(mg/kg) pH

SOM/(g/kg) 0.771** 0.801** 0.867** -0.813* 1

TN/(g/kg) 0.789** 0.821** 0.847** -0.807* - 1

TP/(g/kg) 0.715* 0.729* 0.792* -0.659 - - 1

AK/(mg/kg) 0.791 0.778 0.895 -0.889 - - - 1

pH 0.716* 0.688* 0.847* -0.806* - - - - 1

**Significant at P,0.01; *significant at P,0.05; insignificant correlations were omitted.
SOM, Soil organic matter; Total N, Total nitrogen; Total P, Total phosphorus; Available K, Available potassium.

doi:10.1371/journal.pone.0115024.t003
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(species level), the OTUs identified (ranged from 1136 to 2997) were greater than

those reported in other 16S rRNA clone library-based studies [37-39].

Results show that the soil bacteria were mainly composed of Acidobacteria,

Actinobacteria, Bacteroidetes, Chloroflexi, Gemmatimonadetes Planctomycetes and

Proteobacteria(Fig. 3A). This phylum-level profile is similar to other soil and

environments [38, 40, 41]. Overall, along with timing of reclamation, bacterial

community shifts across these reclaimed soils followed specific trends, such that

(a) an increase in Acidobacteria, Proteobacteria, Firmicutes and Gemmatimonadetes

was shown in older rehabilitated sites, (b) a decrease of Actinobacteria and

Chloroflexi was shown in older rehabilitated sites, and (c) no consistent trend was

shown across reclamation sites(Bacteroidetes and Planctomycetes)

(Fig. 3B).Regardless of reclamation ages, Proteobacteria was the most abundant,

and this finding was generally consistent with those of some researchers who

demonstrated that Proteobacteria was the most ubiquitous and common group in

soil [37, 42-44]. Thus, despite sites undergoing different ages of reclamation and

surveying efforts in the different studies, Proteobacteria was the most

advantageous bacteria in a variety of soils.Similar to our study, an increasing

number of Proteobacteria and Acidobacteria with increasing restoration ages has

also been recently reported by Banning et al. [45]and Lewis et al. [46] in post-

mined Chronosequence soils from Jamaica and Australia undergoing restoration

for 18 and 20 years after cessation of bauxite mining. This suggests that despite

Fig. 7. Redundancy analysis (RDA) of abundant phyla (proteobacterial classes) and selected soil
edaphic properties such as SOM, total N, total P, and pH for individual samples from undisturbed and
reclaimed sites along a chronosequence of reclamation.

doi:10.1371/journal.pone.0115024.g007
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decades of rehabilitation, nutrient limitation, among other factors, bacteria

belonging to Proteobacteria and Acidobacteria played a strong likelihood of

functional role in soil restoration processes. We found c-Proteobacteria was the

largest sub-group of Proteobacteria in reclaimed sites, and the populations of

specific denitrifying bacteria-Pseudomonas or Pesudomonadales below the c-

subclass of Proteobacteria were observed in significant proportions in those

samples. This may indicate a significant role for this nitrogen-cycling bacterium

functional group in this mine ecological system because Pseudomonas is key to

nitrogen cycling of soil [47, 48]. Furthermore, given the fact that Pseudomonas-

related phylotypes have heavy metal detoxification mechanisms for arsenic,

ferrum, and manganese, finding those functional groups in the coal-mining area

may have ecological significance because of their important roles in purifying

contaminated mine soil [49].

In the current study, we observed a significant alteration in the microbial

community structure following land reclamation, with considerably lower

abundance and diversity of bacterial community in most recently reclaimed soils

comparable to undisturbed soils. Long-term reclamation greatly affected

microbial community structure and diversity, which is in agreement with previous

studies investigating the shifts in soil-associated microbial communities that occur

upon completion of mining activities or reclamation [45, 46, 50]. Similarly, the

reduction in microbial communities in response to disturbance and reclamation

has been previously documented [5, 12, 51], but has also been observed to require

a longer time period (i.e. 20 years) to reach undisturbed levels [9, 52]. Research on

the recovery of soil microbial communities through time in surface mines is very

rare and not well understood [5, 9]. Our results showed that bacterial

communities from the undisturbed site had most abundant species among all sites

and its structure and component were very complicate, including the maximum

number of phyla (27). The younger reclaimed sites showed relatively simple

diversity, and the REC-1 contained the lowest number of phyla (19) among all

sites. However, compositions for all soil bacterial communities changed over time,

with distributions of bacterial communities generally becoming more similar to

those of the undisturbed site as recovery time increased. Principal components

analysis (PCA) based on the relative abundances of the different bacterial phyla

and proteobacterial classes confirmed that bacterial community compositions

shift greatly among all sites along the chronosequence (Fig. 4B). The bacterial

communities in control (UND) and older reclaimed soils (REC-15 and REC-20)

differed greatly from communities in most recently reclaimed soils (REC-1 and

REC-8). PCA and cluster analysis indicated that bacterial communities in

undisturbed and 20-yr-old reclaimed soils were more similar to each other than

either was to those from the sites rehabilitated for 1, 8 and 15 years. The oldest

reclaimed soil and undisturbed soil seemed to harbor more similar bacterial

assemblages, indicating that the microbial community structure appeared to

recover with time. Consistent with the results we report here, a number of other

studies have observed the microbial community in reclaimed soils of varying ages
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(1-26 yr) to be generally comparable to that found in undisturbed soils, suggesting

that recovery has occurred [9].

The results obtained by other studies indicate that coal mining disturbance and

reclamation caused the degradation of soil fertility, resulting in the decrease of

species diversity, negatively affecting the structure, function and stability of soil

microflora, especially during the early reclamation period [5, 9, 18, 53]. In our

study, the values of species richness and diversity tended to increase with age of

reclamation but in the short term (within 1–8 yrs), remained largely reduced

relative to the undisturbed site. Reclamation activities involving soil stripping,

reapplication, and tillage are known to have detrimental impacts on soil system,

including loss of vegetation, destruction of soil structure, an initial increase in soil

organic matter mineralization, compaction, dilution of nutrients, and loss of soil

biota. After the reclamation, the restructured soil were in a inhomogeneous

mixture, containing parts of deep cultivated soil, large parts of unmatured soil

without tillage, as well as inorganic constituent. The consequences of physical

disturbance to the top soil during stripping, stockpiling, and reinstatement cause

unusually large N transformations and movements with eventually substantial

loss. Besides, as filling materials for reclamation, a lot of coal ash and gangue

interfere with the energy flow, material cycle and the water-heat conditions in soil.

All these factors altered the ecological environment of soil microorganisms, and

thereby causing significant reductions of bacteria communities in soil.

The interaction between soil and microorganisms is the driver of ecosystem

functions and any modification of this relationship might affect the microbial

structure, which, in turn, will influence the ecological processes [54]. In our

experiment, Pearson correlation analysis and RDA analysis revealed the effect of

physicochemical factors on soil bacterial diversity and community composition,

which suggested that the variation in bacterial community abundance and

diversity could be partially attributable to changes in the soil properties. Pearson

correlation analysis showed that ACE, Chao1 and Shannon indices showed

positive relationships with the concentrations of SOM, Total N and P(P,0.01 or

P,0.05). Thus, the observed reductions in the contents of SOM, Total N and P

following reclamation within 1–8 yrs could explain the declining in the diversity

of microbial community during the early reclamation period. Generally, soil

fertility tended to modify with increasing time of reclamation, with accumulation

of SOM and nutrient elements [55, 56], and approached a relatively stable level

nearly 20 yrs after reclamation. This conclusion is consistent with recently studies

conducted by other researches [10, 11, 55]. Physicochemical properties of

reclaimed soils significantly improved over time, resulting in elevated bacterial

diversity/richness indices and making for restoration of microbial diversity that

approximated pre-disturbance levels [14, 54]. RDA analysis examined (Fig. 7) the

relationship between relative abundances of abundant bacteria phyla and selected

soil factors, clearly explaining the main explicable variation of the community

exerted by reclamation. The results of RDA showed that relative abundances of

most abundant phyla (Actinobacteria, Alphaproteobacteria, Gammaproteobacteria,

Planctomycetes and Proteobacteria) were significantly correlated with pH, SOM,
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total P and total N (Fig. 7). Soil pH was a significant environmental factor

affecting microbial communities except for Acidobacteria and Chloroflexi. Overall,

UND and REC-20 showed the characteristics of more mature soil development as

measured by relatively higher SOM, TN and TP than those in the other reclaimed

sites. Overall, these data stress the significant role of soil nutrients in shaping

bacterial community abundance and diversity. Ecosystem recovery following

disturbance requires a longer time period of the reestablishment of key soil

biogeochemical processes.

Fundamentally, long-term re-vegetation exerted a significant influence on soil

physicochemical properties, which in turn affected bacterial richness and

abundance. Re-vegetation constitutes the most widely accepted and useful way to

reduce erosion and protect soils against degradation during reclamation [57]. Re-

vegetation facilitates the development of N-fixing bacteria and mycorrhizal

association, which are fundamental for maintaining the soil quality by mediating

the processes of organic matter turnover and nutrient cycling [58]. Reclaimed

soils examined in our study are characterized by higher contents of SOM, Total N,

Total P, and increased bacterial diversity indices, confirming that years of native

vegetation management led to significant beneficial effects on soil physical-

chemical properties and bacterial community functions. Coal mine degraded

lands are reclaimed by planting drought resistant, fast growing plants without

considering their ameliorative properties. The mixture mode of gramineae

herbage and leguminosae herbage was constructed because of their adaptation to

deficiency of nutrients and fast growing traits. Medicago sativa and Trifolium

repens have been widely planted in East China Plain due to their strong tolerance

to drought and barren soil, as well as outstanding properties of heat and cold

resistance [59]. Also, nitrogen fixing species (legumes) have a dramatic effect on

soil fertility through production of readily decomposable nutrient rich litter and

turnover of fine roots and nodules. The community coexistence mechanisms of

deep legume roots and shallow grass roots can give full play to the ability of

nitrogen fixation and transportation in legumes, and ensure adequate mineral

element in grass [60]. It has also been found that the organic substances supplied

by the plant roots may stabilize soil aggregates directly or indirectly by providing a

source of energy for microorganisms [61].Vegetation growth in reclaimed soils by

planting legume with gramineae shall be able to restore the soil fertility and

accelerate ecological succession, which in turn promote a more abundant

microbial community. The higher bacterial diversity of reclaimed soils highlights

an ecological reaction of plant-cover development in reclamation sites, which with

consequent litter and root exudate production may create conditions conducive

to the eco-diversity and stability of microbial community. These findings suggest

that the development of soil microbial communities in relation to the recovery

vegetation and vegetation choice, and may therefore represent an important

aspect of the ecological restoration of mine degraded soil.
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Conclusion

Reclamation and Re-vegetation produced a significant effect on soil bacterial

diversity and community structures. In accordance with our initial hypothesis that

bacterial community in older reclaimed soils would be more similar to those in

natural soils, we found that bacterial richness and diversity increased significantly

with increasing number of years since reclamation, recovering to pre-disturbance

levels nearly 20 yrs after reclamation. There was a clear association between

bacterial community and soil physicochemical properties such as SOM, TP, TN

and pH. The increase of soil variables in reclaimed treatments can be attributed to

the mixed-planting experiments on legumes with gramineous grass. We

concluded that soil remediation and re-vegetation has indirect effects on soil

microbial community diversity through their influence on soil physicochemical

properties, especially nutrient elements. Our results also indicated that restoring

the variability of soil physicochemical and microbial diversity level similar to the

undisturbed soils requires a longer reclamation history.

Supporting Information

S1 Figure. The schematic sampling map. UND refers to site undisturbed, REC-1

to site reclaimed for 1 year, REC-8 to site reclaimed for 8 years, REC-15 to site

reclaimed for 15years and REC-20 to site reclaimed for 20 years.

doi:10.1371/journal.pone.0115024.s001 (TIF)

S2 Figure. Rarefaction curves indicating the observed number of OTUs at a

genetic distance of 3%. A, B and C represent three replicates for each site,

respectively. Sites are designated by reclamation time (in years) (REC) or as

undisturbed reference (UND).

doi:10.1371/journal.pone.0115024.s002 (ZIP)

S3 Figure. Microbial community barplot with cluster tree at the genus level.

Phylogenetic groups accounting for #1% of all classified sequences are

summarized in the artificial group ‘Others’. Sites are designated by reclamation

time (in years) (REC) or as undisturbed reference (UND).

doi:10.1371/journal.pone.0115024.s003 (TIFF)

S1 Table. Relative abundances of bacterial phyla and proteobacterial classes in

soils. Values represent percentages of all sequences assigned to the domain

Bacteria for all soils or individual soils.

doi:10.1371/journal.pone.0115024.s004 (DOC)

Acknowledgments

We thank Tingting Yin, Zongsheng Yang, and many others for managing and

supervising the long-term field experiment. We are grateful to Majorbio Biotech

Co., Ltd (Shanghai, China) for their help in sample sequencing.

Land Reclamation and Revegetation Affect Soil Bacterial Diversity

PLOS ONE | DOI:10.1371/journal.pone.0115024 December 11, 2014 21 / 24

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115024.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115024.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115024.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0115024.s004


Author Contributions
Conceived and designed the experiments: YL LC. Performed the experiments: YL

HW TY. Analyzed the data: YL. Contributed reagents/materials/analysis tools: LC

HW TY. Wrote the paper: YL.

References

1. Wang LP, Zhang WW, Guo GX, Qian KM, Huang XP (2009) Selection experiments for the optimum
combination of AMF-plant-substrate for the restoration of coal mines. International Journal of Mining
Science and Technology 19: 479–482.

2. Munshower FF (1994) Practical handbook of disturbed land revegetation. Lewis Publ., Boca Raton, Fl.

3. Harris JA, Birch P, Palmer J (1996) Land restoration and reclamation: Principles and practice. Addison
Wesley Longman, Edinburg, UK.

4. Rana S, Stahl PD, Ingram LJ, Wick AF (2007) Soil microbial community recovery in reclaimed soil
under different vegetation in Wyoming minelands. In: Thirty years of SMCRA and beyond: Proceedings
of the 24th National Meetings of the American Society of Mining and Reclamation, Gillette, WY. 2–7 June
2007. Curran Assoc., Red Hook, NY. p. 653–661.

5. Mummey DL, Stahl PD, Buyer JS (2002) Soil microbiological properties 20 years after surface mine
reclamation: spatial analysis of reclaimed and undisturbed sites. Soil Biol Biochem 34: 1717–1725.

6. Wick AF (2007) Soil aggregate and organic matter dynamics in reclaimed mine land soils. Ph.D. Diss.
Univ. of Wyoming, Laramie (Diss. Abstr. 3278006).

7. Hahn AS, Quideau SA (2013) Long-term effects of organic amendments on the recovery of plant and
soil microbial communities following disturbance in the Canadian boreal forest. Plant Soil 363: 331–344.

8. Claassens S, Rensburg PV, Rensburg LV (2006) Soil microbial community structure of coal mine
discard under rehabilitation. Water Air Soil Pollut 174: 355–366.

9. Dangi SR, Stahl PD, Wick AF, Ingram LJ, Buyer JS (2012) Soil microbial community recovery in
reclaimed soils on a surface coal mine site. Soil Sci Soc Am J 76: 915–924.

10. Li J, Pu L, Zhu M, Zhang J, Li P, et al. (2014) Evolution of soil properties following reclamation in
coastal areas: A review. Geoderma 226–227: 130–139.

11. Cui J, Liu C, Li Z, Wang L, Chen X, et al. (2012) Long-term changes in topsoil chemical properties
under centuries of cultivation after reclamation of coastal wetlands in the Yangtze Estuary, China. Soil Till
Res 123: 50–60.

12. Anderson JD, Ingram LJ, Stahl PD (2008) Influence of reclamation management practices on microbial
biomass carbon and soil organic carbon accumulation in semiarid mined lands of Wyoming. Appl Soil
Ecol 40: 387–397.

13. Acosta-Martinez V, Dowd SE, Sun Y, Wester D, Allen V (2010) Pyrosequencing analysis for
characterization of soil bacterial populations as affected by an integrated livestock-cotton production
system. Appl Soil Ecol 45: 13–25.

14. Dimitriu PA, Prescott CE, Quideau SA, Grayston SJ (2010) Impact of reclamation of surface-mined
boreal forest soils on microbial community composition and function. Soil Biol Biochem 42: 2289–2297.

15. Mukhopadhyay S, Maiti SK, Masto RE (2013) Use of Reclaimed Mine Soil Index (RMSI) for screening
of tree species for reclamation of coal mine degraded land. Ecol Eng 57: 133–142.

16. Zhao Z, Bai Z, Zhang Z, Guo D, Li J, et al. (2012) Population structure and spatial distributions patterns
of 17 years old plantation in a reclaimed spoil of Pingshuo opencast mine, China Ecol Eng 44: 147–151.

17. Fraterrigo JM, Turner MG, Pearson SM, Dixon P (2005) Effects of past land use on spatial
heterogeneity of soil nutrients in southern Appalachian forests. Ecol Monogr 75: 215–230.

18. Gasch C, Huzurbazar S, Stahl P (2014) Measuring soil disturbance effects and assessing soil
restoration success by examining distributions of soil properties. Applied Soil Ecology 76: 102–111.

Land Reclamation and Revegetation Affect Soil Bacterial Diversity

PLOS ONE | DOI:10.1371/journal.pone.0115024 December 11, 2014 22 / 24



19. Li J, Okin GS, Alvarez L, Epstein H (2010) Effects of land-use history on soil spatial heterogeneity of
macro- and trace elements in the Southern Piedmont USA. Geoderm 156: 60–73.

20. Walker LR, Wardle DA, Bardgett RD, Clarkson BD (2010) The use of chronosequences in studies of
ecological succession and soil development.J Ecol 98: 725–736.

21. Li YY, Chen LQ, Wen HY, Zhou TJ, Zhang T, et al. (2014) 454 Pyrosequencing analysis of bacterial
diversity revealed by a comparative study of soils from mining subsidence and reclamation areas.
J Microbiol Biotechnol 24: 313–323.

22. Nelson DW, Sommers LE (1982) Total carbon, organic carbon, and organic matter. In: Page AL, Miller
RH, Keeney DR, (eds, ) Methods of soil analysis. Madison: American Society of Agronomy and Soil
Science Society of American.

23. Bremmer JM (1965) Inorganic forms of nitrogen. In: C.A. Black, editor, Methods of soil analysis: Part 2-
Chemical and microbiological properties. Madison: American Society of Agronomy. pp.1149–1178.

24. Pan P, Kang Q, Li X (2003) Determination of total phosphorus in soil by ammonium molybdate
spectrophotometry. Chin J Spectrosc Lab 20: 697–699.

25. Carson PL (1980) Recommended potassium test, p. 17–18. In, W. C. Dahnke, (ed., ), Recommended
chemical soil test procedures for the North Central Region. Bulletin 499. North Dakota Agricultural
Experiment Station, Fargo, ND.

26. Cabrera-Rubio R, Collado MC, Laitinen K, Salminen S, Isolauri E, et al. (2012) The human milk
microbiome changes over lactation and is shaped by maternal weight and mode of delivery1,2,3,4.
Am J Clin Nutr 96: 544–551.

27. Edgar RC, Haas BJ, Clemente JC, Quince C, Knight R (2011) UCHIME improves sensitivity and
speed of chimera detection. Bioinformatics 27: 2194–2200.

28. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, et al. (2009) Introducing mothur: Open-
source, platform-independent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol 75: 7537–41.

29. Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naive Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol 73: 5261–5267.

30. Schloss PD, Handelsman J (2005) Introducing DOTUR, a computer program for defining operational
taxonomic units and estimating species richness. Appl Environ Microbiol 71: 1501–1506.

31. Jiang XT, Peng X, Deng GH, Sheng HF, Wang Y, et al. (2013) Illumina sequencing of 16S rRNA tag
revealed spatial variations of bacterial communities in a mangrove wetland. Microb Ecol 66: 96–104.

32. Etten EV (2005) Multivariate analysis of ecological data using CANOCO. Austral Ecol 30: 486–487.

33. Jami E, Israel A, Kotser A, Mizrahi I (2013) Exploring the bovine rumen bacterial community from birth
to adulthood. The ISME Journal 7(6):1069–79.

34. Huson DH, Mitra S, Weber N, Ruscheweyh H, Schuster SC (2011). Integrative analysis of
environmental sequences using MEGAN4. Genome Research 21: 1552–1560.

35. Sheik CS, Mitchell TW, Rizvi FZ, Rehman Y, Faisal M, et al. (2012) Exposure of Soil Microbial
Communities to Chromium and Arsenic Alters Their Diversity and Structure. PLoS ONE 7(6): e40059.

36. Bastida F, Hernández T, Albaladejo J, Garcı́a C (2013) Phylogenetic and functional changes in the
microbial community of long-term restored soils under semiarid climate. Soil Biol Biochem 65: 12–21.

37. Chen LX, Li JT, Chen YT, Huang LN, Hua ZS, et al. (2013) Shifts in microbial community composition
and function in the acidification of a lead/zinc mine tailings. Environ Microbiol 5(9):2431–2444.

38. Rastogi G, Osman S, Vaishampayan PA, Andersen GL, Stetler LD, et al. (2010) Microbial Diversity in
Uranium Mining-Impacted Soils as Revealed by High-Density 16S Microarray and Clone Library. Microb
Ecol 59: 94–108.

39. Huang LN, Zhou WH, Hallberg KB, Wan CY, Li J, et al. (2011) Spatial and temporal analysis of the
microbial community in the tailings of a Pb-Zn mine generating acidic drainage. Appl Environ Microbiol
77: 5540–5544.

40. Lauber CL, Hamady M, Knight R, Fierer N (2009) Pyrosequencing-based assessment of soil pH as a
predictor of soil bacterial community structure at the continental scale. Appl Environ Microbiol 75: 5111–
5120.

Land Reclamation and Revegetation Affect Soil Bacterial Diversity

PLOS ONE | DOI:10.1371/journal.pone.0115024 December 11, 2014 23 / 24



41. Qiu MH, Zhang RF, Xue C, Zhang SS, Li SQ, et al. (2012) Application of bio-organic fertilizer can
control Fusarium wilt of cucumber plants by regulating microbial community of rhizosphere soil. Biol Fertil
Soils 48: 807–816.

42. Kolton M, Harel Y M, Pasternak Z, Graber ER, Elad Y, et al. (2011) Impact of biochar application to soil
on the root-associated bacterial community structure of fully developed greenhouse pepper plants.Appl
Environ Microb 77: 4924–4930.

43. Tait E, Carman M, Sievert S M (2007) Phylogenetic diversity of bacteria associated with ascidians in Eel
Pond (Woods Hole, Massachusetts, USA).J Exp Mar Biol Ecol 2007: 342: 138–146.

44. Kuffner M, Hai B, Rattei T, Melodelima C, Schloter M, et al. (2012) Effects of season and experimental
warming on the bacterial community in a temperate mountain forest soil assessed by 16S rRNA gene
pyrosequencing. FEMS Microbiol Ecol 82: 551–562.

45. Banning NC, Gleeson DB, Grigg AH, Grant CD, Andersen GL, et al. (2011) Soil microbial community
successional patterns during forest ecosystem restoration. Appl Environ Microbiol 77: 6158–6164.

46. Lewis DE, Chauhan A, White JR, Overholt W, Green SJ, et al. (2012) Microbial and geochemical
assessment of bauxitic un-mined and post-mined chronosequence soils from Mocho Mountains,
Jamaica. Microb Ecol 64: 738–749.

47. Ye RW, Thomas SM (2001) Microbial nitrogen cycles; physiogogy, genmics and applications. Curr Opin
Microbiol 4 (03):307–312.

48. Keil D, Meyer A, Berner D, Poll C, Schützenmeister A, et al. (2011) Influence of land-use intensity on
the spatial distribution of N-cycling microorganisms in grassland soils. FEMS Microbiol Ecol 77: 95–106.

49. Afrasayab S, Yasmin A, Hasnain S (2002) Characterization of some indigenous mercury resistant
bacteria from polluted environment. Pak J Biol Sci 5: 792–799.

50. Lewis DE, White JR, Wafula D, Athar R, Dickerson T, et al. (2010) Soil functional diversity analysis of
a bauxite-mined restoration chronosequence. Microb Ecol 59: 710–723.

51. Ingram LJ, Schuman GE, Stahl PD, Spackman LK (2005) Microbial respiration and organic carbon
indicate nutrient cycling recovery in reclaimed soils. Soil Sci Soc Am J 69: 1737–1745.

52. Frost SM, Stahl PD, Williams SE (2001) Long-term reestablishment of Arbuscular mycorrhizal fungi in a
drastically disturbed semiarid surface mine soil. Arid Land Res Manag 15: 3–12.

53. Poncelet DM, Cavender N, Cutright TJ, Senko JM (2014) An assessment of microbial communities
associated with surface mining-disturbed overburden. Environ Monit Assess 3: 1917–1929.

54. Singh BK, Millard P, Whiteley AS, Murrell JC (2004) Unravelling rhizosphere-microbial interactions:
opportunities and limitations. Trend Microbiol 12: 386–393.
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