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Different fertilization treatments in coal
mining-affected soils change bacterial
populations and enable soil reclamation
Yanzhuan Cao† , Bingrui Zhou†, Xiangying Wang, Huisheng Meng, Jian Zhang, Li Li and Jianping Hong*

Abstract

Purpose: Coal mining activities result in large-scale soil degradation and ecosystem imbalances in many countries.
Fertilization is an effective way to improve soil fertility and microbial activity. However, the effect of different
fertilizers and remediation time on the subsided soil is not clear. The aim of this study is to explore the effects on
soil fertility and the bacterial community.

Methods: In this study, we compared three fertilization regimes (inorganic, organic, and combined) applied over a
5-year period for the purpose of rehabilitating subsoil through measurement of soil’s chemical properties and
microbial biomass. Bacterial diversity was evaluated in different reclaimed soils via high-throughput 16S rDNA
sequencing; 1,938,561 total sequences were obtained.

Results: The results showed that fertilization improved various soil properties, including the concentrations of
available phosphorus, available potassium, and alkali-hydrolysable nitrogen, therefore, increasing microbial biomass.
A significant increase in soil microbial diversity was observed in fertilized soils compared to the initial conditions. A
positive correlation between microbial diversity and soil properties was observed. Regarding an improvement in soil
properties and crop yields, the organic fertilizer demonstrated significantly more effectiveness compared to the
inorganic fertilizer. Meanwhile, the relative abundance of Proteobacteria, Bacteroidetes, and Verrucomicrobia
increased, but the relative abundance of Chloroflexi and Nitrospirae decreased. More specifically, we found that
several Proteobacteria subgroups, such as Rhizobiales, Myxococcales, Sphingomonadales, Rhodospirillales,
Xanthomonadales, and Burkholderiales, increased after the restoration. Additionally, the composition of the bacterial
community in the 5-year groups (M5, O5, and MO5) was similar to the composition of the FS group, and the yield
of the maize test crop following the 5-year restoration period was close to the average in China.

Conclusion: This result indicates that soil reclamation via fertilization can contribute to soil recovery over time.
Therefore, we concluded that fertilization is an effective strategy for the restoration of soil properties and bacterial
communities in mining soil.
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Introduction
Soil bacteria are an essential component of ecological
systems due to their role in carbon cycling via carbon
fixation with photoautotrophic and chemoautotrophic
microbes as well as organic carbon-consuming hetero-
trophic microorganisms (Trumbore 2006). Results from
a previous study indicated that some soil bacteria pro-
mote nitrogen cycling through the conversion of ammo-
nia to nitrite, which is utilized as their sole energy
source (Kowalchuk and Stephen 2001). Falkowski et al.
(2008) reported that soil microorganisms maintain a
relatively stable set of core genes coding for the proteins
of major redox reactions essential for life and biogeo-
chemical cycles. In addition, soil microbes increase soil
fertility, which improves soil structure, plant health, and
crop production (Anderson, 2003; Czarnes et al. 2000;
Song et al. 2007).
Since the demand for coal has been steadily increasing,

coal mining activity has become more widespread.
Underground coal mining causes large-scale land subsid-
ence with subsequent soil erosion, surface disruption,
and leveling measures that lead to loss of topsoil. Land
subsidence and the associated re-leveling of affected land
cause an imbalance in the soil ecosystem, resulting in a
disruption of the microbial community and in reduced
crop production. Numerous effects of subsidence in for-
est and agricultural lands have been reported worldwide,
especially in India (Tripathi et al. 2009), Bangladesh
(Hossain et al. 2015), and China (Yi et al. 2014). Thus, it
is important to explore potential methods for the restor-
ation of exposed subsoil and microbial diversity in sub-
sided areas.
Previous studies have focused on the changes of mi-

crobial populations responding to land reclamation with
parameters including the amount of available phosphor-
ous (AP), available potassium (AK), soil microbial bio-
mass carbon (MBC), and soil microbial biomass
nitrogen (MBN) (Dimitriu et al. 2010; Anderson et al.
2008; Cui et al. 2012; Li et al. 2014a). However, the dur-
ation of reclamation was the only variable considered
when exploring changes in microbial diversities in re-
stored sites in these research projects. The most effective
soil amendments for improving fertility and soil micro-
bial status in subsided soils remains unclear. To explore
the effects of different fertilizers and remediation time
on soil fertility and the bacterial community, we studied
the effects of different nutrient regimes after 1 year and
5 years of treatments. Microbial biomass and diversity,
the variable soil properties (pH, available phosphorus,
available potassium, and alkali-hydrolyzable nitrogen),
and crop yield were analyzed. Our study is of great sig-
nificance not only to the local area, but also to the soil
microbiome worldwide following land reclamation, crop
tillage, and harvest assessment.

Materials and methods
Site description
The study site covered 900 m2 of land affected by sub-
sidence in the southeastern region of Shanxi Province,
China (36°28′11.95″ N, 113°00′52.57″ E). This area
contains large areas of subsided land due to under-
ground coal mining. The soil is described as calcareous
cinnamon soil. Following the general reclamation mea-
sures of the area, the land was leveled to expose subsoil
surface. The average elevation of this temperate-zone
area is 970 m, with a semi-humid, continental monsoon
climate. The annual average temperature is 9.5 °C, an-
nual frost-free period is 160 days, and annual rainfall is
approximately 530 mm.

Soil treatments and vegetation
To reuse the subsided land, the damaged area was grad-
ually reclaimed since 2008. The land was flattened by
machinery firstly and then different fertilizers were ap-
plied. The reclaimed sites from the same geographic re-
gion had been fertilized for 1 and 5 years since 2012 and
2008, respectively. Three annual nutrient regimes were
applied including (1) mineral fertilizer (M—containing
urea (46% nitrogen), superphosphate (16% P2O5), and
potassium chloride (60% K2O)); (2) organic fertilizer
(O—composted chicken manure containing 26.7% or-
ganic matter, 1.68% nitrogen, 1.54% P2O5, and 0.82%
K2O); and (3) a combination of inorganic and organic
fertilizers (MO). To ensure that the different treatments
provided similar nutrients, mineral fertilizers were ap-
plied at 1.757 t ha−1, organic fertilizers were applied at
12 t ha−1, and the combined treatment had 0.879 t ha−1

inorganic fertilizer and 6 t ha−1 organic fertilizer/plot.
The fertilizers were mixed into the soil at a depth of 0–
15 cm after application. Maize was grown each year with
a planting density of 52,500 ha−1. The maize was sown
in April and harvested in September of each year during
the 5-year trial.

Soil sampling
All soil samples were collected from the experimental
site in October 2013. Samples collected from the treat-
ment plots after 1 year of treatment were labeled as CK1
(no fertilizer applied), M1, O1, and MO1. Samples col-
lected after 5 years of treatments since 2008 were labeled
as CK5 (no fertilizer applied), M5, O5, and MO5. The
un-reclaimed soil (INI) and normal farmland soil (FS)
were designated as the negative and positive controls, re-
spectively. In addition, to reduce the inconsistency
caused by other geological and environment factors, FS
samples were collected nearby the subsided land, only
50 m away. A total of 30 individual soil samples (10 sites
× 3 replicates each) were analyzed. The samples were
obtained from the top 0–20 cm layer using a 3-cm-
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diameter auger. We collected multiple samples at each
site and combined them into one soil sample. Each sam-
ple was divided into three parts: One part was prepared
for microbial biomass carbon (MBC) measurement and
stored at 4 °C for no more than 24 h before analysis; the
second part was air dried and sieved for chemical ana-
lysis; the third part was stored at – 80 °C prior to DNA
extraction.

Measurement of soil chemical properties
Soil pH was measured in a 1:1 soil-water mixture. Avail-
able phosphorus (AP) in each soil sample was extracted
using sodium bicarbonate and measured via the colori-
metric method described previously (Colwell 1963).
Available potassium (AK) was extracted using ammo-
nium acetate and measured by flame photometry (Cox
et al. 1999). Alkali-hydrolysable nitrogen (AN) was also
measured using the alkali-diffusion absorption method
(Xiong et al. 2008). Soil MBC was determined using the
chloroform fumigation-extraction method (Vance et al.
1987).

DNA extraction and 16S rDNA sequencing
Metagenomic DNA from 0.25 g soil samples was ex-
tracted using the PowerSoil DNA Isolation Kit (MOBIO
Laboratories, USA). The quality and quantity of ex-
tracted DNA were evaluated by agarose gel electrophor-
esis and a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA), respectively. Libraries were pre-
pared to sequence the V3 region of 16S rDNA, using
modified Illumina 341F and 518R primers (Muyzer et al.
1993), containing a 6-base barcode, and sequenced via
the Illumina adapter sequence and Illumina sequencing
primers, as described (Bartram et al. 2011), but with
modifications. Briefly, 100 ng of extracted DNA was
used as the template for each amplification, and sequen-
cing was performed in 50-μL reaction mixtures. Each re-
action mixture contained 0.3 μM of each primer and 1 ×
KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Inc.
Woburn, MA, USA), following the manufacturer’s
recommended protocol. A total of 18 cycles were
completed in a thermocycler (Eppendorf, Germany).
Amplified products of the correct size were recovered
using a QIAquick Gel Extraction Kit (Qiagen,
Germany) from 2% agarose gels. Recovered products
were quantified using a Quant-iT PicoGreen dsDNA
Kit (Life Technologies, Carlsbad, CA, USA) and a
Qubit 2.0 Fluorometer (Life Technologies). Equal
amounts of quantified products were pooled to gener-
ate the sequencing libraries. The pooled library was
then sequenced using an Illumina MiSeq analyzer
with the MiSeq Reagent Kit v2, 300-Cycles (Illumina,
Inc., San Diego, CA, USA).

Bioinformatics and statistical analyses
Sequences were sorted by barcodes. Any reads with <
25% quality were removed from pyrosequencing-derived
datasets using Trimmomatic software, version 0.30.
Then, the reads were assembled using mothur software,
version 1.34.0 (http://www.mothur.org/), and assembled
reads of < 400 bp or > 480 bp were removed. Oper-
ational taxonomic units (OTUs) of the sequences were
determined using QIIME (http://qiime.org/tutorials/otu_
picking.html) with a similarity threshold of 97%. The
OTUs were used to evaluate the diversity of the micro-
bial communities. The sequences were taxonomically
classified using an RDP Bayesian classifier at a confi-
dence level of 97%. Diversity indices and community
richness were determined using the Chao 1 estimator
and the Shannon index, and rarefaction curves were de-
termined using mothur software, version 1.34.0.
Differences in the AK, AP, AN, pH, and MBC result-

ing from the experimental treatments were examined by
one-way analysis of variance with Duncan’s post hoc
test. Two-way analysis was also performed using the
fertilization treatments and treatment time as main ef-
fects with Tukey’s multiple comparison test. Statistical
significance was set at p < 0.05. Correlations between
soil fertility parameters and microbial diversity indices
were conducted using Pearson’s correlation analysis.
Data analysis was performed using SPSS software ver-
sion 22.0 and GraphPad Prism software version 5.01
(Wang et al. 2016).

Results
Soil properties and maize yields
To compare the effect of different fertilizations to the
subsided soil, the soil properties of different groups were
analyzed (Table 1). The observed soil pH ranged from
7.93 to 8.08. In general, the AP, AK, AN, and MBC
levels were significantly higher in all treatment groups
(M1, O1, MO1, M5, O5, and MO5) than in the negative
control INI (p < 0.05) while the AP, AN, and MBC levels
in all treatment groups were significantly lower than
those in the positive control FS group (p < 0.05), indicat-
ing that fertilization plays a role in the improvement of
soil chemical properties after reclamation. Despite the
improvements fertilization can provide, it still cannot
achieve the same effect of the normal farmland soil (FS).
To investigate the different treatment’s effects over the

years, the data collected from 1-year (CK1, M1, O1, and
MO1) and 5-year reclamation groups (CK5, M5, O5,
and MO5) were compared (Table S1). The fertility pa-
rameters and maize yields in fertilizer treatment groups
were significantly higher than those in CK groups, and
the 5-year fertilizer treatment groups showed a signifi-
cant increase compared to the 1-year groups (p < 0.05),
while no significant changes of AP, AK, and AN were
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observed between CK1 and CK5, indicating an improve-
ment in rehabilitation of soil nutrients with fertilization
over the years. Comparing the data from the mineral
fertilizer (M), organic fertilizer (O), and combined or-
ganic and inorganic fertilizer (MO), the results showed
that after 1-year of reclamation, the contents of AP and
the maize yields for MO1 and O1 treatments were sig-
nificantly higher than those of M1 treatment (p < 0.05).
The O1 treatment had higher content of MBC than the
M1 and MO1 treatment. After the 5-year reclamation,
the contents of AP, MBC, and the maize yields in the
O5 and MO5 groups were significantly higher (p < 0.05)
compared to the M5 group. There were no significant
differences in pH, AN, or AK between the three fertilizer
treatments. The results indicated that organic
fertilization (either alone or combined with inorganic
fertilizer) was more effective than inorganic fertilization
in improving soil properties and crop yields.
Moreover, as revealed by two-way analysis of variance

(Table 1), both treatment time (A) and fertilization (B)
have a significant effect on soil AP, AN, MBC, and maize
yield (p < 0.01 or p < 0.001). In addition, treatment time
had a significant effect on soil pH and AK (p < 0.05 or p
< 0.001). There were not any interactive effects between
treatment time (A) and fertilization (B).

Effect of reclamation treatment on soil bacterial diversity
To investigate the impact of different fertilizers on bac-
terial populations, a total of 1,938,561 sequences were
obtained in this study. Shannon rarefaction curves were
generated using Shannon diversity indices to compare
the diversity of the bacterial community in different

treatments. As shown in Fig. S1, all curves reached a
plateau, which indicates that sequence-derived diversity
was sufficient to characterize microbial species. In
addition, the Shannon indices of treatment groups were
significantly increased compared to the initial sample
(INI) (p < 0.05; Table 2). There was no significant differ-
ence among the six treatment groups (p > 0.05).
The alpha diversity (Shannon, Chao 1, and ACE) indi-

ces in the INI samples were the lowest and were signifi-
cantly different from treatment groups and FS (p < 0.05;
Table 2). The Shannon indices of all treatment groups
and the Chao 1 and ACE values of organic fertilizer
treatment were not significantly different compared to
the positive control FS group (Table 2). Two-way
ANOVA tests revealed that fertilization (B) but not
treatment time (A) had significant effects on the Chao1
and ACE indices in the reclamation sites (Table 2) while
no significant difference in the Shannon index was found
between treatment time (A) and fertilization (B), indicat-
ing that fertilization reclamation (especially organic
fertilizer) had positive effects on soil microorganisms.

Bacterial community compositions
To further understand the diversity of the soil microbial
community, we performed pyrosequencing to distinguish
10 groups of bacteria at the phylum level (Fig. 1). As
shown in Fig. 1a, the mean abundances of the dominant
populations across all treatments were Proteobacteria
(32.7%), Actinobacteria (24.3%), Bacteroidetes (7.1%),
Acidobacteria (6.7%), Chloroflexi (6.4%), Gemmatimona-
detes (5.9%), and Firmicutes (2.1%). Different taxa, how-
ever, were observed at the phylum level across different

Table 1 Soil properties and maize yields at each experimental site

Sample no. pH AP (mg/kg) AK (mg/kg) AN (mg/kg) MBC (mg/kg) Maize yield (kg/ha)

INI 8.06 ± 0.09a 3.18 ± 0.18f 48.51 ± 2.69f 1.70 ± 0.25f 5.39 ± 1.04h –

CK1 7.97 ± 0.11 ab 4.36 ± 1.15f 151.22 ± 7.13de 19.43 ± 1.57e 35.39 ± 0.93g 1793.50 ± 92.41f

M1 8.01 ± 0.02ab 7.85 ± 0.35e 162.25 ± 3.98cd 28.44 ± 1.03cd 50.74 ± 1.39f 2793.50 ± 103.32e

O1 8.02 ± 0.02ab 12.40 ± 1.35d 173.15 ± 3.15bc 25.89 ± 0.55d 71.56 ± 6.65e 3566.50 ± 157.62d

MO1 8.08 ± 0.02a 11.38 ± 1.50d 181.44 ± 2.60b 31.44 ± 1.97c 57.81 ± 6.51f 3652.50 ± 134.61d

CK5 7.93 ± 0.04 b 4.88 ± 0.66f 141.90 ± 5.42e 20.01 ± 2.39e 52.06 ± 6.06f 2460.17 ± 433.60e

M5 7.94 ± 0.06ab 20.53 ± 1.53c 199.93 ± 13.82a 37.46 ± 2.03b 152.60 ± 8.85d 5352.68 ± 121.41c

O5 8.02 ± 0.11ab 28.78 ± 2.95b 201.97 ± 8.42a 37.38 ± 3.41b 191.43 ± 8.73b 6378.19 ± 160.78b

MO5 7.93 ± 0.10b 29.36 ± 2.11b 204.57 ± 14.34a 38.68 ± 2.27b 174.80 ± 7.25c 6341.50 ± 104.14b

FS 7.98 ± 0.02ab 36.42 ± 0.65a 208.37 ± 1.04a 48.59 ± 4.04a 225.84 ± 4.22a 8776.60 ± 345.18a

Year (A) * *** *** *** *** **

Fertilization (B) NS *** NS * *** **

A×B NS NS NS NS NS NS

Data represent the means ± SE; n = 3; values followed by different letters are considered significantly different (p < 0.05) according to Duncan’s multiple
comparison test. Significance for two-way ANOVA with reclaimed year and fertilization. NS not significant (p < 0.05). *p <0.05 significance. **p < 0.01 significance.
***p < 0.001 significance. AP available phosphorus, AK available potassium, AN alkali-hydrolyzable nitrogen, MBC microbial biomass carbon. INI initial soil without
treatment, CK1 and CK5 no fertilizer for 1 and 5 years, respectively, M1 and M5 1 year and 5 years of mineral fertilizer, O1 and O5 1 year and 5 years of organic
fertilizer, MO1 and MO5 1 year and 5 years of combined of inorganic and organic fertilization, FS normal farmland soil without land subsidence
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soil samples (Fig. 1b). The combined abundance of Acti-
nobacteria and Proteobacteria in the control group (INI)
was 36.5%, while it was > 55% in all treated groups. The
relative abundances of Chloroflexi, GAL15, Nitrospirae,
and Euryarchaeota in the INI group were significantly
higher than other groups (p < 0.05), and there was no

significant difference found between treatments and FS
groups. The relative abundances of Proteobacteria and
Bacteroidetes in the INI group were significantly lower
than other groups (p < 0.05). In addition, there was no
significant difference observed for the relative abun-
dances of Gemmatimonadetes and Planctomycetes

Table 2 Richness and diversity indices for all samples

Sample no. Shannon Chao1 ACE

INI 10.23 ± 0.63c 5027.79 ± 1041.01e 5259.43 ± 1136.53e

CK1 11.10 ± 0.13 ab 9176.42 ± 1153.96d 9566.54 ± 1252.53d

M1 11.10 ± 0.14ab 9801.86 ± 1446.67cd 10496.67 ± 1540.66cd

O1 11.24 ± 0.11ab 11185.28 ± 545.56abc 12037.12 ± 345.87abc

MO1 11.05 ± 0.16 ab 11857.49 ± 1114.83ab 12757.53 ± 31243.65ab

CK5 10.87 ± 0.80 b 10400.77 ± 357.57bcd 10979.09 ± 341.81bcd

M5 11.28 ± 0.08 ab 10398.70 ± 711.47bcd 11152.10 ± 681.42bcd

O5 11.33 ± 0.08 ab 11686.81 ± 832.46ab 12437.37 ± 923.35ab

MO5 11.12 ± 0.30 ab 10208.80 ± 1206.51bcd 10893.57 ± 1314.10bcd

FS 11.67 ± 0.04a 12530.26 ± 143.91a 13361.16 ± 155.45a

Year (A) NS NS NS

Fertilization (B) NS * *

A×B NS NS NS

Data represent the means ± SE, n = 3, values followed by different letters are considered significantly different (p < 0.05) according to Duncan’ s multiple
comparison test. Significance for two-way ANOVA with reclaimed year and fertilization. NS not significant (p > 0.05). *p < 0.05 significance. INI initial soil without
treatment, CK1 and CK5 no fertilizer for 1 and 5 years, respectively, M1 and M5, 1 year and 5 years of mineral fertilizer, O1 and O5 1 year and 5 years of organic
fertilizer, MO1 and MO5, 1 year and 5 years of combined of inorganic and organic fertilization, FS normal farmland soil without land subsidence

Fig. 1 The relative abundances of the 15 most prevalent bacteria at the phylum level in all samples combined (a) and in each treatment (b)
Values followed by different letters are considered significantly different (p < 0.05) according to Duncan’s multiple comparison test
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between the treatments and INI groups. Furthermore,
the bacterial community compositions in the treatment
of M5, O5, MO5 were more similar to those in the FS
group, indicating that soil reclamation with fertilization
may take some time to recover the microbial community
structure.
The difference of bacteria structure among different

treatments was compared (Table S2). The abundance of
Proteobacteria, Actinobacteria, Bacteroidetes, TM7, and
Verrucomicrobia in MO1 was significantly different to
that of M1 (p < 0.05). The abundance of Acidobacteria,
Nitrospirae, and Euryarchaeota in M5 was significantly
higher than that of O5. In addition, the abundance of
Proteobacteria and Verrucomicrobia of the 1-year
fertilization group was significantly higher than that of
the 5-year group, while the abundance of Acidobacteria
and Nitrospirae was the opposite. The results indicated
that fertilization treatment and reclamation time were
both driving factors for soil microbial restoration.

Bacterial community structures
To investigate the organization of the bacterial commu-
nity, a heat map showing hierarchical clustering was
generated. The relative abundances of the top 40 bac-
teria (Y-axis) were assessed at the order level across dif-
ferent treatments (X-axis) (Fig. 2). There was an increase
in the most orders observed in the reclamation site com-
pared to INI. The top 10 orders of the treatment groups
included Actinomycetales, Rhizobiales, Myxococcales,
Sphingomonadales, Xanthomonadales, iii1-15, Bacteroi-
dales, Solirubrobacterales, Rhodospirillales, Acidimicro-
biales, and Burkholderiales. Actinomycetes were the
most predominant order and increased significantly after
reclamation (p < 0.05). The greatest abundance of Acti-
nomycetes was in the treatment of MO1(24.09%), which
was significantly higher than that of CKl (13.87%, p <
0.05). In addition, 6 of the top 10 orders belonged to the
phylum Proteobacteria and all increased in abundance
after reclamation (Table 3). The bacterial community
structures in the fertilizer treatment of the 5-year groups
(M5, O5, and MO5) and FS group clustered together,
showing similarities in the bacterial community struc-
tures between them. The results implied that the time of
reclamation was an important factor for soil microbial
remediation
To further investigate the bacterial community vari-

ation, a principal coordinate analysis (PCoA) was imple-
mented in all samples (Fig. 3). The first and second
principal components accounted for 22.46% and 16.54%
of the variance, respectively. The profile of microbial
communities in INI and the 1-year group (except MO1)
was separate from those in MO1, the 5-year group and
FS along PCoA 1. In contrast, PCoA 2 showed that bac-
terial communities in 1-year group were separated from

others. Bacterial community profiles in the 5-year
reclaimed sites (CK5, M5, O5, and MO5) and FS formed
a cluster in quadrant II, separate in the 1-year reclaimed
sites (CK1, M1, O1, and MO1) in quadrant III and IV.
Collectively, these results suggested that the composition
and richness of bacterial communities changed after rec-
lamation and the community compositions in the 5-year
treatment groups exhibited similar features to the FS
group.

Fig. 2 A hierarchal clustered heatmap showed bacterial distributions
at the order level in soils after different reclamation treatments
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Relationships between soil chemical properties, bacterial
community structures, and maize yields
Statistical analysis was utilized to evaluate the correl-
ation among soil properties, microbial structures, and
maize yield. The data represented in Table 4 showed pH
had no significant correlation with microbial abundance
and diversity. The significant positive correlations be-
tween the soil properties (AP, AK, AN, and MBC) and
bacterial diversity based on the Chao 1(r = 0.559–0.838,
p < 0.01), ACE (r = 0.562–0.841, p < 0.01), and Shannon
indices (r = 0.558–0.722, p < 0.01). In addition, soil
MBC showed significant positive correlations with AP,
AK, and AN (p < 0.01). Maize yields were significantly
correlated with both the bacterial diversity (p < 0.01)
and the soil chemical properties (AP, AK, AN, and
MBC, p < 0.01), suggesting that the increased crop yield
of restored areas resulted from a recovering soil ecosys-
tem with fertilization treatments. In addition, the correl-
ation analysis between soil environmental factors and

microbial composition was shown in Fig. 4. Proteobac-
teria was positively correlated with AK (p < 0.05). Firmi-
cutes, Nitrospirae, and Euryaychaeota were negatively
correlated with AN and AK (p < 0.01), while Bacteroi-
detes was positively correlated (p < 0.05 and p < 0.01).
Moreover, Actinobacteria and Planctomycetes were
positively correlated with AN, AP, and AK. Except for
Planctomycetes and GAL15, no other bacteria were sig-
nificantly correlated with pH.
Redundancy analysis (RDA) was conducted to evaluate

the effects of soil characteristics on microbial compos-
ition (Fig. 5). Four soil indices accounted for 90.23% of
the variation, among which the first axis and the second
axis accounted for 70.52% and 19.71%. The bacterial
populations in the 1-year groups (CK1, M1, O1, and
MO1) and INI were plotted on the positive side of
axis 2, while the 5-year groups (CK5, M5, O5, and
MO5) and FS bacterial populations were plotted on
the negative side of axis 2. The microbial composition

Table 3 Relative abundance of phylogenetic order under the Phylum of Proteobacteria at each experimental site (relative
abundance > 1%)

Order Samples(%)

INI CK1 M1 O1 MO1 CK5 M5 O5 MO5 FS

Rhizobiales 1.86b 5.74a 5.83a 6.22a 5.16a 4.95a 4.97a 5.32a 4.82a 5.82a

Myxococcales 2.16b 4.45a 5.84a 5.53a 3.97a 4.08a 4.40a 4.65a 4.43a 4.81a

Sphingomonadales 0.98c 5.58ab 6.84a 5.07ab 4.64b 3.72b 4.54b 4.50b 4.27b 3.74b

Xanthomonadales 1.34d 5.48b 7.19a 4.68bc 3.16c 2.98cd 3.86bc 3.38c 4.43bc 3.48c

Burkholderiales 1.74e 4.87a 3.98abc 4.27ab 3.12bcd 2.04de 2.15de 3.02cd 1.38e 1.68e

Rhodospirillales 0.77c 2.71b 2.77b 3.03b 3.64ab 3.28ab 3.44ab 3.51ab 3.41ab 4.37a

Values followed by different letters are considered significantly different (p < 0.05) according to Duncan’s multiple comparison test. INI initial soil without
treatment, CK1 and CK5 no fertilizer for 1 and 5 years, respectively, M1 and M5 1 year and 5 years of mineral fertilizer, O1 and O5 1 year and 5 years of organic
fertilizer, MO1 and MO5 1 year and 5 years of combined of inorganic and organic fertilization, FS normal farmland soil without land subsidence

Fig. 3 Principal coordinates analysis (PCoA) used for evaluating the general microbial community compositions from the reclaimed site, un-
reclaimed soil (INI), and normal farmland soil (FS)
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of the 5-year reclamation sites at the family level
demonstrated an association with higher AP, AK, and
AN content.

Discussion
This study was conducted to evaluate the recovery and
responses of soil’s bacterial communities after different
reclamation treatments in a mining area. Results were
based on high-throughput pyrosequencing of 16S rDNA.
In the present study, a total of 1,938,561 sequences were
classified. This number far exceeds those of other 16S
rDNA-sequencing studies of soil microbial diversity in

restoration areas (Bastida et al. 2013; Chen et al. 2013; Li
et al. 2014c).
Our results indicated that the dominant bacteria in all of

the treatments were Proteobacteria, Actinobacteria, Bacteroi-
detes, Acidobacteria, Chloroflexi, Gemmatimonadetes, and
Firmicutes at the phylum level (Fig. 2a). Similar bac-
teria profiles were also shown in a uranium mining
area (Rastogi et al. 2010) and in soil applied with bio-
organic fertilizer (Chen et al. 2012), which suggests
that the dominant bacteria are conserved across a
range of disturbed sites and treatments. In this study,
the relative abundances of Proteobacteria and Bacter-
oidetes increased after reclamation, while a decreasing
trend was shown in Acidobacteria and Chloroflexi
(Fig. 2b). The relative abundances of Proteobacteria
and Actinobacteria were considerably increased after
5 years of reclamation, making them the most com-
mon and ubiquitous groups in all soil samples. The
increased trend of Proteobacteria and Actinobacteria
following soil reclamation suggested that they might
play important roles in the process of soil reclam-
ation, which is consistent with previous studies re-
garding forest ecosystem soil restoration (Banning
et al. 2011). Actinobacteria play a major role in im-
proving agricultural soil quality (Francioli et al. 2016).
In our study, the abundance of Actinobacteria in the
soil treated with organic fertilizer or organic com-
bined chemical fertilizer was higher than in soil
treated with chemical fertilizer alone (Table S2).The
organic manure can supply more available C and N
sources than chemical fertilizer, and increase soil ag-
gregation and water-holding capacity (Wang and Yang
2003); these greatly promote the growth of
Actinobacteria. The abundance of Proteobacteria in-
creased rapidly (from 20.40 to 38.17%) after the first
year of reclamation; however, it was a significantly de-
crease after 5 years of reclamation and reached the
same abundance as FS (Fig. 2b). Ai et al. (2015) re-
ported Proteobacteria has the largest proportion in
bacterial community composition from quantity,
which has been proven in the present study. We also
found that several Proteobacteria subgroups in soils,
such as Rhizobiales, Myxococcales, Rhodospirillales,

Table 4 Correlation between microbial diversity parameters, soil properties, and maize yield

pH AP (mg/kg) AK (mg/kg) AN (mg/kg) MBC (mg/kg) Maize yield (kg/ha)

Chao 1 – 0.559 ** 0.838** 0.793** 0.584** 0.703**

ACE – 0.562** 0.841** 0.798** 0.584** 0.706**

Shannon – 0.558** 0.712** 0.722** 0.605** 0.641**

MBC (mg/kg) – 0.978** 0.759** 0.879** 1 0.967**

Maize yield (kg/ha) – 0.961** 0.825** 0.943** 0.967** 1

The relationships among different parameters were analyzed using Pearson correlation analysis. *p < 0.05 and **p < 0.01 were all considered statistically
significant. Insignificant correlations were omitted. AP available phosphorus, AK available potassium, AN alkali-hydrolyzable nitrogen, MBC microbial
biomass carbon

Fig. 4 Heatmap showing the correlation between the soil factors
(pH, AN, AP, and AK) and the top 15 bacterial at the phylum level
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Xanthomonadales, Burkholderiales, and Sphingomona-
dales increased after the restoration (Table 3).
Rhizobiales and Burkholderiales participate in
nitrogen-fixation in soil (Erlacher et al. 2015).The
abundance of Rhizobiales significantly increased from
1.86% (INI) to 5.42% after reclamation, it should be
associated with increased concentrations of AN and
AK (Fig. S2). The abundance of Burkholderiales in-
creased rapidly after 1 year of reclamation and de-
creased significantly to the same abundance as in FS
after 5 years. They were found to participate in
pentachlorophenol biodegradation in iron-reducing
paddy soil and as a degrader of 3-hydroxybutyrate-co-
3-hydroxyhexanoate (PHBH) films in biofilm func-
tions (Tong et al. 2015; Morohoshi et al. 2018).The
abundance of Rhodospirillales in the 5-year group was
higher than in the 1-year group. These organisms
have extreme metabolic versatility encompassing
photoheterotrophic, chemoorganotrophic, and photo-
autotrophic lifestyles, and could potentially adapt well
to extremely oligotrophic areas and benefit from
higher productivity (King et al. 2010; Ding et al.
2018). These findings indicate Proteobacteria plays
important roles in restoring ecosystems.
According to our results, the microbial soil community

structure was distinctly altered by reclamation treatments
(Table 2), which is consistent with previous studies on al-
terations to soil microbial diversity in mining-recovery
soils (Dangi et al. 2012; Li et al. 2014b; Singh et al. 2004).
The microbial diversity in all reclaimed treatments (M1,
O1, MO1, M5, O5, and MO5) was higher than that of the
initial untreated site (INI). In addition, the microbial com-
position in the 5-year groups was more similar to the FS
group than in the 1-year groups were (Fig. 2). Moreover,

there were significant differences in the abundance of
some bacteria such as Proteobacteria, Actinobacteria, and
Bacteroidetes between chemical and organic fertilizer
treatments (Table S2). These data implied that both
fertilizer treatment and the reclamation time were import-
ant driving factors affecting soil microbial diversity and
construction, and the longer the reclamation is, the more
effectively the soil mends.
It is well known that soil ecosystem functions are driven

by interactions between microbial communities and chem-
ical properties, and the alteration of these interactions may
influence microbial communities and diversity (Singh et al.
2004). A growing number of studies have presented evi-
dence that chemical properties influence shifts in soil mi-
crobial communities and diversity (García-Orenes et al.
2013; Liang et al. 2012; Zornoza et al. 2015). In our study,
the soil properties (AP, AK, AN, and MBC contents) were
found to be improved after long-term reclamation with fer-
tilizations. Organic fertilizer treatment is suggested to be
the most effective method for restoring soil properties over
a long-term period. In addition, the combination of organic
and inorganic fertilization could achieve a similar ef-
fect on soil properties in reclaimed areas. More im-
portantly, the soil properties and bacterial community
structure exhibited a positive correlation supported by
the Chao 1, ACE, and Shannon indices (Table 4) and
RDA analysis (Fig. 5). Thus, the changes to bacterial
communities and diversities may be attributable to
changes in the soil properties.
Previous studies have demonstrated that re-vegetation

plays a significant role in the protection of soil from ero-
sion and in increasing in the accumulation of soil nu-
trients in mining lands (Conesa et al. 2007; Sheoran
et al. 2010). Furthermore, re-vegetation in reclaimed

Fig. 5 Redundancy analysis (RDA) showing relationships between microbial communities and selected soil properties. The environmental factors,
various fertilization, and reclamation time are indicated by red arrows, different colors, and shapes, respectively
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areas affects soil fertility by producing abundant de-
composable nutrients (Li et al. 2014c). Organic sub-
stances provided by plant roots play important roles
in stabilizing soil aggregates by providing energy for
microbes (Six et al. 2004). The maize yields were in-
creased significantly under all treatments of 1-year
and 5-year treatments, which showed results consist-
ent with previous studies. For example, maize yields
in the 5-year treatment plots were approximately
5870 kg ha−1, which is close to the average maize
yield in China during 2012 (National Bureau of Statis-
tics of China, 2012). However, the maize yields and
soil properties (AP, AN, and MBC) in the 5-year
groups were still significantly different compared to
those in the FS group, indicating that the soil fertility
can be further improved after 5-year reclamation.

Conclusions
The soil fertility and microbial community were ser-
iously affected by the coal mining. Fertilization can ef-
fectively improve soil fertility and restore microbial
diversity in the subsided area, especially after five succes-
sive years of treatment. We conclude that soil AN, AK,
and AP were the main environmental factors affecting
the soil microbial communities and diversity, rather than
the pH. Proteobacteria and Actinobacteria play import-
ant roles in the process of soil reclamation. The maize
yields achieved the approximate average in China with
the 5-year treatment groups, suggesting that it could
take about 5 years for the subsided soil in the coal-
mining area to improve its productivity. Moreover, our
study suggested that fertilizer application and reclam-
ation time were the important driving factors for im-
proving soil microbial diversity and soil fertility.
Therefore, fertilization of reclaimed soil in subsided
areas has the potential to be an effective strategy for soil
reuses worldwide.
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