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The exploitation and smelting of rare earths can cause serious pollution to the farmland around the mining area. The rare earth
elements (REEs) are absorbed by crops and enter the human body through the food chain, which threatens people’s health. The
effects of four phosphorus-containing materials-calcium superphosphate (SSP), phosphate rock (PR), calcium magnesium
phosphate (CMP) and bone charcoal (BC) on rice growth and bacterial community structure in REE mining area of Xinfeng
County were studied by pot experiment. The soil solution was collected during rice transplanting and harvest periods respec-
tively, the rice and soil samples were collected and sequenced. The concentrations of water-soluble REEs were measured by
inductively coupled plasma mass spectrometry (ICP-MS), and bacteria in soil was deeply sequenced by the Illumina Miseq
sequencing platform. PR, CMP and BC promoted the growth of rice, improved the biomass of rice roots, shoots and grains, and
significantly reduced absorption and accumulation of REEs in rice roots, shoots and grains. SSP treatment reduced the pH value
of soil, significantly improved the concentration of REE solution in soil and improved biomass of rice roots, shoots and grains,
and significantly improved the concentration of REEs in grain. The effects of phosphorus-containing materials on the absorption
and accumulation of 15 REEs in rice roots, shoots and grains were very different, and significantly influenced the soil bacterial
community. SSP reduced richness and diversity of bacteria. CMP improved the diversity of soil bacteria, but reduced their
richness. PR and BC treatment improved the richness and diversity of soil bacteria, and significantly increased the abundance of
Bacillus. The results showed that adding PR, CMP and BC to soil in the REE mining area of Xinfeng can improve food security
and eco-environmental quality, and hence, are potential restorative materials; SSP is not recommended for use in acidic soils.
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1 Introduction

The rare earth element (REE) consists of 17 elements, which
include the 15 lanthanide elements with atomic numbers
from 57 to 71 in the periodic table, plus 2 scandium (Sc) and
yttrium (Y) whose chemical properties are similar to those of

the lanthanide elements [1–3]. REEs are divided into two
types (heavy rare earth and light rare earth) according to their
physical and chemical properties. Ionic rare earth resources
are rich in China, which account for 90% of the world’s total
resources, Jiangxi Province holds two-thirds of the total ionic
rare earth resources in China [4], which is mainly distributed
in the Longnan, Xinfeng, Xunwu Counties and other regions
[5]. REEs are used extensively in traditional industries, high-
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tech industries and national defense technology industries
owing to their excellent characteristics of unique magnetism,
light and electricity. They are indispensable elements in
various fields and sectors of industry, agriculture, electro-
nics, information, energy and environmental protection, na-
tional defense military industry and advanced materials [6].
The exploitation and smelting of rare earth resources leads to
the accumulation of REEs in soil, water and crops around the
mining area, which enter the human body through the food
chain [7–9]. REEs are not essential nutrients for the growth
of animals, plants and humans, although a small amount of
which can promote growth, a large amount of which will
have opposite result, and even produce toxic effects. The
average rare-earth concentration in soil of rare earth mining
area in Jiangxi province is 976.94 mg kg−1, which is 4.53
times and 5.09 times the background value for soil REEs in
Jiangxi province and the whole country respectively. The
REEs concentration in rivers of mining areas is
55.72 mg L−1, which is 8974.7 times the concentration in
contrast area. The REE intake of residents through crops and
drinking water is 295.33 μg kg−1 d−1, which is much higher
than safe REE dose for humans of 100–110 μg kg−1 d−1 [10–
12]. It has been reported that the REEs content in the hair,
blood, bone, brain and liver of the residents of mining area is
significantly higher than those of non-mining area, which
affects their health, e.g. abnormal biochemical indexes of the
blood and the abnormal function of the liver. The intelligence
quotient (IQ) of children is lower than that of the non-mining
area, and it also has adverse effects on the functions of both
the reproductive and immune systems [13–16].
Southern China (with South Jiangxi as its center) is an

important region for the distribution of the ionic REEs in the
world. It is also an important rice-producing area. Rice crops
are easily to absorb and accumulate REEs. More than 90% of
local residents eat rice as their staple food, hence REEs
concentration in rice is closely related to the health of local
residents. It is very important to remediate soil polluted by
REEs and reduce REE concentration in rice. Red soil is
dominant in southern China, whose main characteristics are
infertility and acidity. Phosphorus is an essential fertilizer for
the growth and high yield of rice. It not only improves the
physical and chemical properties of soil, but also contributes
to the formation of phosphate precipitation and removal of
heavy metals, these processes aimed at the remediation of
contaminated soil.
Microorganisms are among the main components of the

farmland ecosystem. As the main group of soil microbes,
bacteria possess the characteristics of fast metabolism, short
life cycle and sensitivity to the stimulation of exogenous
pollutants. The changes in the bacterial community can re-
veal the evolution of the soil ecosystem. At present, there are
different theories on how fertilization affects soil microbial
characteristics. Some studies suggest that phosphorus ferti-

lizers can improve biomass and diversity of microorganisms
[17–19], promote the productivity and yield of bacteria and
improve the diversity of bacterial communities [20,21], thus
phosphorus can change the richness, diversity and structure
of Rhizobacterial communities [22,23], however, others
suggest that phosphate fertilizers have no significant effect
on the composition and structure of soil microorganisms
[24–26].
Microorganisms are ideal indicator organism for studying

the accumulative effect of rare earths in soil. High con-
centration of La significantly inhibits the respiration rate of
microorganisms, soil enzyme activity, and the physiological
group and community structure of microorganisms [27,28].
Several studies have shown that REEs are essential for the
growth of methanotrophic bacteria in extreme acidic en-
vironments and can significantly enhance the catalytic effi-
ciency of methanol dehydrogenase [29,30]. The diversity
and abundance of soil bacteria were significantly affected by
variation in concentration, physical and chemical properties
of soil rare earths [31], and the microbial biomass in the
REE-enriched area was inhibited [32]. The diversity of soil
bacteria in non-rare-earth mining area was higher than that in
rare-earth mining area. The dominant species appeared in the
soil of the mining area due to the accumulation of REEs. To
date, systematic investigation of the effects of phosphorus on
the absorption and accumulation of REEs by rice and the soil
ecology has been rarely documented in rare earth mining
areas. Therefore, the specific goals of this work were: (1)
study the effect of phosphorus-containing materials on the
growth of rice; (2) reveal the structure of the bacterial
community in the rare-earth mining area and the interaction
mechanism of plant-microbial-soil. It will address a new
insight into the research of farmland ecosystem restoration
and soil microbial ecology in rare-earth mining areas.

2 Materials and methods

2.1 Material preparation

The test soil was collected from a rare-earth mine in Jiading
Town, Xinfeng County, Ganzhou City, Jiangxi Province of
China. Surface soil samples (20 cm) were collected, and the
soil samples were dried naturally to remove the stones and
plant residues. Subsequently, the samples were crushed and
sifted through 100 mesh. The physical and chemical prop-
erties of soil and REEs concentration are shown in Table 1.
The tested calcium superphosphate (SSP) was bought from
the Fuchen Chemical Reagent Plant of Tianjin (China).
Phosphate rock (PR) was bought from Changpu Chemical
Reagent Co., Ltd. (China). Calcium magnesium phosphate
(CMP) was bought from the Kunyang Lindu Calcium
Magnesium Phosphate Fertilizer Plant (China). Bone char
(BC) was bought from the Tengzhou Chemical Plant (Chi-
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na). The physical and chemical properties of SSP, PR, CMP,
BC, and the REE concentration are shown in Table S1
(Supporting Information online). The name of the tested rice
is Jinqian 47, which was bought from the Agricultural Re-
search Institute of Jinhua City, Zhejiang Province, China.
The seeds were disinfected with 10% H2O2 solution for
10 min, and subsequently washed with water several times.
The seedlings were cultivated in soil which is free of REEs
pollution.
Four types of phosphorus-containing materials were used

in this experiment. Five treatments were set: 2.5% phosphate
rock (PR); 2.5% calcium superphosphate (SSP); 2.5% bone
char (BC); 2.5% calcium magnesium phosphate (CMP); and
without adding phosphorus-containing materials (CK). Each
treatment was repeated thrice. 4 kg of soil was put into each
pot, then each pot of soil was added with a solid fertilizer
(4.32 g urea containing 46.6% nitrogen; 0.48 g potassium
chloride containing 62.9% K2O). According to the experi-
mental design, different phosphorus-containing materials
and fertilizers were weighed accurately and placed into the
pot and fully mixed with the tested soil, and the rice seed-
lings were transplanted after it had been in waterlogged
condition for 4 weeks.

2.2 Plant culture and sample collection

The rice seedlings were transplanted to the culture pot after
four weeks of growth, and two seedlings were transplanted in
each pot. After the rice seedlings were transplanted, soil
solution extractors were embedded in each pot, whose lo-
cation was in the rhizosphere of rice, so that the soil solution
could be easily collected. Pot experiments were conducted in

condition of greenhouses. The growing conditions were as
follows: illumination of 28°C/14 h; darkness of 20°C/10 h;
illumination intensity of 260–350 μmol m−2 s−1; relative hu-
midity of 60%–70%. To ensure the uniformity of light and
heat received per pot of rice, the position of each pot was
changed randomly every three days. During the entire test
period, the soil in the basin remained submerged.
The soil solution was collected during rice transplanting

and harvesting period, filtered by using a 0.45-µm filter
membrane, acidified with 1% nitric acid, and stored in re-
frigerator at 4°C for testing. When the rice was ripe, the rice
was dropped from the panicle by hand, and subsequently
loaded into a net bag. Further, the shoots and roots of the rice
were harvested separately and rinsed by tap water first, and
subsequently by deionized water thrice, dried using absor-
bent paper, and subsequently dried in an oven of 70°C until
the weight became constant. The harvested rice was placed
in indoor ventilation to dry naturally; subsequently, the husk
was removed by a sheller to collect the grains. A stainless
steel grinder was used to grind the brown rice, shoots, and
roots into powder, and stored at room temperature for further
analysis. When the tested rice was harvested, the soil in the
pot was collected, dried, frozen, and waited for sequencing.

2.3 Chemical analysis

The pH value of the soil was determined by the electrode
method of water-to-soil ratio of 2.5:1; the content of the soil
organic matter was determined by the colorimetry of low-
temperature external-heat potassium dichromate, the soil
cation exchange capacity (CEC) was determined by the
ammonium acetate method; the total contents of soil carbon,

Table 1 Effects of phosphorus-containing materials on the concentration of REEs in different parts of rice a)

Parts Material Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE

Grain

SSP 46.36b 74.55b 107.57b 83.03b 92.75b 73.51b 73.70b 53.19a 51.44b 51.19a 41.80b 54.51b 42.73b 48.98b 38.24b 933.59b

CK 28.08a 72.83ab 95.24ab 66.50a 79.32ab 57.22a 56.63a 40.20a 34.00a 40.40a 25.65a 36.21a 26.39a 31.99a 21.30a 712.04ab

PR 19.76a 49.82a 78.02a 60.16a 68.34a 52.10a 50.60a 33.68a 30.97a 33.72a 21.87a 31.73a 23.24a 27.70a 18.49a 600.27a

CMP 17.84a 38.33a 71.84a 59.08a 65.62a 51.85a 49.41a 36.86a 31.94a 35.74a 22.82a 32.04a 23.64a 28.15a 19.05a 584.26a

BC 17.28a 49.62a 74.37a 58.44a 64.52a 51.95a 49.47a 36.48a 30.66a 34.10a 21.42a 30.82a 22.82a 26.85a 18.15a 587.02a

Shoot

SSP 0.62a 1.41a 1.14a 0.32a 0.99a 0.23a 0.10a 0.22a 0.06a 0.15a 0.05a 0.10a 0.04a 0.08a 0.03a 5.53a

CK 1.04a 3.18ab 2.48a 0.57ab 1.95ab 0.39a 0.15ab 0.31a 0.07a 0.22a 0.06a 0.13a 0.04a 0.11a 0.03a 10.73ab

PR 1.01a 2.66b 2.16a 0.55b 1.90b 0.38a 0.15b 0.29a 0.07a 0.21a 0.06a 0.13a 0.04a 0.11a 0.03a 9.76b

CMP 0.53a 1.31a 1.11a 0.31a 0.96a 0.23a 0.09a 0.18a 0.06a 0.14a 0.05a 0.09a 0.04a 0.08a 0.03a 5.19a

BC 0.53a 1.32a 1.16a 0.32a 0.99a 0.24a 0.11a 0.20a 0.06a 0.15a 0.05a 0.09a 0.04a 0.08a 0.03a 5.34a

Root

SSP 30.63a 70.98b 46.09b 6.00a 39.35b 0.53a 4.09b 4.78a 1.87b 0.08a 2.19b 6.15b 0.87b 5.26b 0.79b 219.67b

CK 42.67a 150.87d 114.82d 18.84b 96.91d 13.82b 5.55c 17.09b 2.68c 0.14a 2.79b 7.49b 1.04b 6.02b 0.87b 481.62c

PR 44.12a 112.86c 82.09c 7.63a 75.77c 9.13b 5.09c 15.55b 2.47c 0.1a 2.73b 7.56b 1.04b 6.22b 0.88b 373.26c

CMP 0.65a 22.66a 14.236a 2.64a 11.44a 2.48a 3.00a 1.04a 0.81a 0.04a 0.92a 2.60a 0.40a 2.41a 0.37a 65.70a

BC 6.79a 30.04b 19.40b 2.12a 18.52b 2.40a 3.25b 7.89a 1.09b 0.04a 1.30b 3.71b 0.55b 3.31b 0.50b 100.91b

a) Data are average (n=3), and different lowercase letters in the same part of rice show significant difference among different treatments (P<0.05).
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nitrogen and sulfur were analyzed by an element analyzer
(Vario EL III, Elementary company, Germany); the texture
composition was measured by a laser particle size analyzer
(Zhuhai Omec Instrument Co., Ltd., China). The digestion of
the soil sample and the determination of the total REEs were
performed as follows: 0.2 g of soil sample was weighed and
put into a quartz glass tube, 5 mL of aqua regia (HNO3:
HCl=3:1) was also added, then the tube was placed at room
temperature for 12 h of whole night, the sample was subse-
quently digested in an open digestion furnace the next day,
where the temperature for preheating was controlled at 90°C
for 30 min, and digestion was performed at 120°C for 4 h.
Subsequently, digestion was performed at 140°C until the
soil color became white. After digestion, the samples were
placed in a fume hood and subsequently transferred to a 50-
mL constant volume tube. The samples were fixed to 50 mL
with ultrapure water, shaken, filtered with 0.45-µm filter
membrane, and determined by inductively coupled plasma
mass spectrometry (ICP-MS; Agilent Technologies Inc.,
USA). The whole process of digestion was controlled by the
national standard substance (GBW07405, National Standard
Substance Research Center, Beijing, China).
The digestion and determination of the plant samples were

performed as follows: 0.2 g of crushed plant samples was
placed in a digestion tank of 50 mL polytetrafluoroethylene,
3 mL high-grade pure nitric acid was added, mixed evenly,
then the tank was placed at room temperature for a whole
night. Subsequently, the sample was digested in a microwave
digestion furnace (MARS5, CEM Microwave Technology
Ltd. USA). It was first heated to 120°C, and maintained the
constant temperature for 5 min. The digestion process was
controlled by the national standard substance (GBW08502,
National Standard Substance Research Center, Beijing,
China). After digestion, the sample was cooled in a fume
hood to remove the acid; subsequently, its volume was set to
40 mL. The sample was filtered through a 0.45-µm mem-
brane, and determined by ICP-MS. The P concentrations in
the digestion solutions of soil, rice root, shoot and grain were
determined by the molybdenum-antimony resistance method
and ultraviolet-visible spectrophotometer.

2.4 Amplification and sequencing of 16S rRNA gene

A 0.5 g soil sample was used to extract the DNA using the
Fast DNA spin kit (MP Biomedicals LLC, USA) according
to the instructions. The concentration of the extracted DNA
was determined by the NanoDrop ND-1000 spectro-
photometer (NanoDrop Technologies, Inc. USA), and the
integrity of the DNA was determined by agar gel electro-
phoresis (agar gel concentration: 1%, voltage: 150 V, elec-
trophoresis time: 40 min). Subsequently, DNAwas used as a
template, and the 16S rDNAV4 variable region was ampli-
fied by polymerase chain reaction (PCR). Amplified primer

pairs is 515 F (5′-GTGCCAGCMGCCGCGGTAA-3′)/806 R
(5′-GGACTACHVGGGTWTCTAAT-3′), the barcode se-
quence of the sample is differentiated by adding 12 bases in
front of the primers. The reaction system of the PCR is as
follows: 5 μL of 10×PCR buffer, 4 μL of dNTPs; 0.5 μL of
Taq DNA polymerase (TaKaRa Biotech, Beijing, China),
1.5 μL of 10 μmol L−1 of each primer, and 20–30 ng of the
DNA template, followed by supplementation with ultrapure
water to 50 μL. The PCR reaction conditions are as follows:
pre-denaturating at 94°C for 1 min, 30 cycles of denaturating
at 94°C for 20 s, annealing at 57°C for 25 s, extending at 72°C
for 45 s, subsequently extending at 72°C for 10 min. The
PCR products were filtered and purified by the E.Z.N.A.TM
Gel Extraction Kit (Omega Biotek, USA). The standard PCR
products were mixed in equimolar ratio and stored, then used
VAHTSTM Nano DNA Library Prep Kit for Illumina®
(Vazyme Biotech Co., Ltd., China). The sequencing library
was constructed according to the instructions of the manu-
facturer. The constructed sequencing libraries were used for
deep sequencing on the Illumina Miseq Sequencing Platform
at Beijing Xinke Kaiyuan Bioinformatics Technology Co.,
Ltd. (China).
The sequencing data of 16S rDNA were analyzed by the

standard biological information process (http://mem.rcees.
ac.cn:8080). The 12-base barcode was removed, the FLASH
software (Version 1.2.7) (http://ccb.jhu.edu/software/
FLASH/) was used to splice the forward and reverse se-
quences. Sequences whose length was less than 200 bp were
deleted. The chimeras were removed and the operational
taxonomic units (OUT, 97% similarity level) were obtained
by the UPARSE (Version 7.0.1001) software (http://drive5.
com/uparse/). The radar data processing (RDP) classifier
database was used for categorized annotations. The sampling
error was rectified, the data were extracted randomly, and the
lowest sequence was re-sampled for the following analysis.
The sequence obtained from the sequencing was submitted
to the National Center for Biotechnology Information
(NCBI) database to obtain the serial number: SRP161440.

2.5 Statistical analysis

Analysis of significance was conducted by one-way analysis
of variance (ANOVA). The correlation tests between α-di-
versities and environment factors were determined using the
Pearson correlation. The process above was performed by
SPSS 21 software. Permutational multivariate analysis of
variance (PERMANOVA) based on the weighted UniFrac
distance, analysis of similarities (ANOSIM), and multi-re-
sponse permutation procedure (MRPP) were used to evaluate
the significant differences of the microbial community
composition among different treatments. The distance
among the five sets of data, and the datum of each group was
compared by nonlinear multidimensional scaling analysis.
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Canonical correspondence analysis (CCA), and CCA-based
variation partitioning analysis (VPA) were implemented by
R software. Thus, the contribution of different environmental
factors to the bacterial community was analyzed.

3 Results

3.1 Effects of phosphorus-containing materials on rice
biomass

The biomass of rice plants added phosphorus-containing
materials was higher than that of control check (CK) (Figure
1). The dry weight of grain added SSP, PR, CMP and BC was
54.6%, 21.1%, 37.8% and 108.6% higher than that of CK,
respectively. The shoots were 116.5%, 18.2%, 30.8% and
41.4% higher than that of CK, and the roots were 106.5%,
45.5%, 53.1% and 55.8% higher than that of CK, respec-
tively.

3.2 Effects of phosphorus-containing materials on the
concentration of REEs and P in rice

Table 1 shows the effects of different phosphorus-containing
materials on the concentration of 15 REEs in rice roots,
shoots and grains. As shown in the table, phosphorus-con-
taining materials of SSP, PR, CMP and BC affect REEs
concentration in grains, shoots, and roots significantly. Re-
garding the root, the total REEs concentration that added
SSP decreased by 54.4% when compared with CK; the heavy
REEs concentration decreased by 34.9%; the light REEs
concentration decreased by 58.3%, and the largest reduction
is the La of light REEs, which decreased by 96.2%. The total
REEs concentration added PR was 22.5% lower than that of
CK, in which the heavy REEs concentration decreased by
0.16% on average, the light REEs concentration decreased
by 27.0%, and Pr concentration of light REEs decreased by
59.5%. The total REEs concentration that added CMP de-
creased by 86.4% when compared with CK, in which the
heavy REEs concentration decreased by 88.6% on average,
the light REEs concentration decreased by 85.9%, and Y
concentration of heavy REEs decreased by 98.5%. The total
REEs concentration that added BC was 79.0% lower than
that of CK, in which heavy REEs decreased by 68.8%, light
REEs decreased by 81.1%, and the largest reduction is the Pr
of light REEs, which reached 88.7%.
Regarding the shoots, the total REEs concentration of SSP

decreased by 48.4% when compared with CK, in which the
heavy REEs concentration decreased by 32.8% on average,
the light REEs concentration decreased by 51.9%, and the
largest reduction is the La of light REE, which decreased by
55.7%. The total REEs concentration added PR was 9.1%
lower than that of CK, in which the heavy REEs con-
centration decreased by 3.0%, the light REE concentration

decreased by 10.6%, and the largest reduction is the La of
light REE, up to 16.4%. The total REEs concentration added
CMP was 51.4% lower than that of CK, in which the heavy
REEs concentration decreased by 40.3% on average, the
light REEs concentration decreased by 54.0%, and the heavy
REE concentration decreased by 58.8%. The total REEs
concentration added BC was 50.0% lower than that of CK, in
which the heavy REEs concentration decreased by 3.8%, the
light REEs concentration decreased by 52.5%, and the lar-
gest reduction is the La of light REEs, up to 58.5%.
The influence of phosphorus-containing materials of SSP,

PR, CMP, and BC on rice grain is more complicated. The
total REEs concentration that added SSP was 31.1% higher
than that of CK, in which the heavy REEs increased by
50.7% on average, light REEs by 18.1%, and Y of heavy
REE by 65.1%. The total REE concentration added PR was
15.7% lower than that of CK, in which the heavy REEs
concentration decreased by 15.2%, the light REEs con-
centration decreased by 16.1%, and the largest reduction is
the La of light REEs, which decreased by 47.3%. The total
REEs concentration added CMP was 17.9% lower than that

Figure 1 (Color online) Effects of different phosphorus-containing ma-
terials on biomass of rice. Data is average (n=3), and different lowercase
letters in the same part of rice show significant difference among different
treatments (P<0.05).

1620 Jin S L, et al. Sci China Tech Sci September (2019) Vol.62 No.9



of CK, in which the heavy REE decreased by 12.7% on
average, light REEs by 21.4%, and La by 47.3%. The total
REE concentration added BC was 17.6% lower than that of
CK, in which the heavy REEs concentration decreased by
16.1%, the light REEs concentration decreased by 18.6%,
and the largest reduction is the La of light REE, which
reached 31.9%.
P contents in rice roots, shoots and grains are shown in

Table 2. It can be seen from the table that the order of P
content in different parts of rice is root>shoot>grain. The
order of P content in roots and shoots by 5 different treat-
ments is SSP>CMP>BC>PR>CK, and the order of P content
in grains is SSP>BC>CMP>PR>CK. PR treatment had no
significant effect on P content in rice, while SSP, CMP and
BC treatments significantly improved P content in rice
compared with CK. Grain increased by 58.0%, 40.1% and
50.2%, shoot increased 2.22, 1.89 and 1.55 times, root in-
creased 3.76, 3.0 and 2.25 times, respectively.

3.3 Effects of phosphorus-containing materials on the
concentration of REEs in soil solution

Adding phosphorus-containing materials of SSP, PR, CMP,
and BC affected rare-earth concentration of the soil sig-
nificantly during the rice transplanting stage. As shown in
Table 2, the total rare-earth concentration in the soil solution
added SSP was increased by 45.7%, among which the heavy
REE increased by 67.6%, light rare earth increased by
38.7%, and the Y of heavy REE increased by 80.4%, which
exhibits the highest proportion of increase. The total REE
concentration in the soil solution added PR was 92.6% lower
than that of CK, among which the heavy rare-earth con-
centration decreased by 87.9% on average, the light rare-
earth concentration decreased by 94.1%, and the La and Ce
of light REEs decreased by 95.7% and 96.1% respectively,
which exhibit the highest proportion of reduction. The total
REE concentration added CMP was 99.3% lower than that of
CK, and the average REE concentration was 99.1% lower

than that of CK. The light REE concentration was 99.4%
lower than that of the heavy REE concentration. The total
REE concentration added BC was reduced by 90.7% when
compared with that of CK, in which the heavy REE con-
centration decreased by 87.1% on average, and the light REE
concentration decreased by 91.8%. The La and Ce of light
REE decreased by 93.9% and 94.1% respectively, which
exhibit the highest proportion of reduction.
Adding phosphorus-containing materials of SSP, PR,

CMP, and BC affected the soil REEs concentration sig-
nificantly during the rice maturing stage. As shown in Table
2, the total REEs concentration added SSP was reduced by
78.0% when compared with that of CK. The heavy REEs
concentration was decreased by 67.3%, the light REEs
concentration was decreased by 77.8%, and the Ce con-
centration of light REE was decreased by 87.5%. The total
REE concentration added PR was 96.1% lower than that of
CK, among which, heavy REEs decreased by 94.5%, light
REEs decreased by 88.8%, and the Ce of light rare earth
decreased by 97.6%, which exhibits the highest proportion of
reduction. The total REEs concentration added CMP was
99.8% lower than that of CK. The heavy REEs concentration
decreased by 99.6% on average, the light REE concentration
decreased by 99.5%, and the Ce concentration of heavy REE
decreased by 99.9%, which exhibits the highest proportion of
reduction. The total REE concentration added BC was 99.4%
lower than that of CK, and the heavy REEs concentration
decreased by 99.0% on average, the light REEs concentra-
tion decreased by 98.3%, and the La and Ce of light REE
decreased by 99.7%, which exhibits the highest proportion of
reduction.
Table S2 shows the effects of different phosphorus-con-

taining materials on the P content in rice roots, shoots, and
grains. As shown, the order of P content in different parts of
the rice is: root>shoot>grain. The order of P content in the
roots and shoots is SSP>CMP>BC>PR>CK. The order of P
content in the grains is SSP>BC>CMP>PR>CK. The P
content increased by 58.0%, 40.1%, and 50.2% in the grains;

Table 2 Effect of phosphorus-containing materials on the concentration of REEs (g L−1) in soil solution a)

Time Material Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑REE

Transplanting
period

SSP 210.14c 343.32c 211.96c 32.92b 156.42b 26.73b 5.56b 35.55c 3.60c 22.28c 4.29c 13.89c 1.40c 8.82c 1.21c 1078.16c

CK 116.47b 199.80b 173.46b 30.50b 128.45b 23.45b 4.38b 23.87b 2.71b 16.52b 2.78b 8.85b 0.97b 6.73b 0.85b 739.87b

PR 14.04a 8.57a 6.75a 2.02a 12.47a 2.70a 0.65a 2.40a 0.27a 1.74a 0.36a 1.32a 0.16a 1.30a 0.18a 54.99a

CMP 0.90a 0.89a 0.93a 0.19a 1.00a 0.26a 0.08a 0.22a 0.02a 0.18a 0.03a 0.13a 0.02a 0.17a 0.03a 5.11a

BC 14.08a 12.22a 10.31a 2.71a 16.71a 3.18a 0.66a 3.13a 0.31a 2.02a 0.40a 1.51a 0.18a 1.38a 0.21a 69.10a

Maturing
period

SSP 42.90b 37.48b 17.25c 3.84a 20.21a 3.70a 0.89b 5.62b 0.60b 4.18b 0.88b 3.06b 0.34b 2.42b 10.24a 153.67b

CK 131.17c 205.75c 138.07d 27.03a 111.38b 19.90b 4.01c 23.71c 2.66c 16.24c 2.77c 8.63c 0.90c 6.13c 0.75a 699.18c

PR 7.23a 5.74a 3.35b 0.90b 5.08a 1.26a 0.45a 0.99a 0.10a 0.69a 0.14a 0.55a 0.07a 0.50a 0.07a 27.20a

CMP 0.58a 0.14a 0.10a 0.03a 0.19a 0.06a 0.02a 0.05a 0.01a 0.07a 0.01a 0.06a 0.01a 0.08a 0.01a 1.49a

BC 1.32a 0.56a 0.41a 0.11a 0.62a 0.19a 0.07a 0.16a 0.02a 0.13a 0.03a 0.12a 0.02a 0.16a 0.02b 3.99a

a) Data are average (n=3), and different lowercase letters in the same part of rice show significant difference among different treatments (P<0.05).
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2.22, 1.89 and 1.55 times in the shoots; 3.76, 3.0 and 2.25
times in the roots, respectively.

3.4 Effects of phosphorus-containing materials on the
diversity of bacterial community

A total of 1139135 raw sequences were obtained from the
Illumina MiSeq sequencing of 15 soil samples. After a series
of quality control steps, a total of 720361 high-quality se-
quences were obtained and these sequences were clustered
from 1341 to 2004 of operational taxonomic units (OTUs).
The slopes of rarefaction curves were close to saturation,

indicating that the sequencing depth was appropriate (Figure
S1, Supporting Information online). After the number of
strips is sequenced uniformly, we observed that adding
phosphorus-containing materials of SSP, PR, CMP, and BC
affected the α-diversity of soil bacteria significantly. The
effect of adding CMP on the richness (OTU number), Chao1,
and Shannon and inverse-Simpson indexes were sig-
nificantly lower than those of the control group (CK) (Figure
2). The effect of adding CMP on the richness (OTU number)
is not obvious (Figure 2(A) and (B)); however, the Shannon
and inverse Simpson indexes increased significantly (Figure
2(C) and (D)), and the diversity index of soil added PR and
BC was significantly higher than that of CK (Figure 2).

3.5 Affect of phosphorus-containing materials on bac-
terial community that enriched some special taxa in soils

Under the condition of 97% similarity, the classification re-
sults indicated that the primary community components of
five treatments of CK, SSP, PR, CMP, and BC were the same

in the phylum level; the dominant bacterium was the Pro-
teobacteria, followed by Acidobacteria, Actinomycetes, and
Bacteroidetes. Different treatments exhibited greater influ-
ence on Acidobacteria and Bacteroides than others. Acid-
obacteria increased significantly in soil treated by SSP, but
decreased significantly by PR, CMP and BC treatments
(Figure S2).
The abundance of the top 30 genera is shown in Figure 3.

When treated by CK, the relative abundance of Side-
roxydans, Ramlibacter, Sulfuricurvum, Thiobacillus in Pro-
teus and Candidatus_Koribacter in Acidobacteria was
significantly higher than that treated by SSP, PR, CMP and
BC. When treated by SSP, the abundance of Geothrix in
Acidobacterium, Dyella, Desulfovibrio and Perlucidibaca in
Proteobacteria was significantly higher than that treated by
CK, PR, CMP, and BC. However, the abundance of Ideo-
nella, Geobacter, and Bryobacter was significantly lower
than that by other treatments. The abundance of Clos-
tridium_sensu _stricto_10, Bacillus in Phylum Firmicutes,
Pseudorhodoferax and Geobacter in Proteobacteria treated
by PR was significantly higher than that by other treatments.
The abundance of Roseomonas, OM27_clade, Ster-

oidobacter, Rubrivivax, Desulfomicrobium, Azospirillum,
Magnetospirillum in Proteobacteria, Chloronema in Chlor-
oflexi, Treponema in Spirals, Christensenellaceae_R-
7_group in Phylum treated by CMP was much higher than
that by other treatments. However, the abundance of Anae-
robacter in the Phylum, Candidatus_Solibacter in the
Acidobacteria, and Sulfuricella, Syntrophobacter, Desulfo-
vibrio in the Proteus were significantly lower than those by
other treatments. The abundance of Sulfuricella in Proteo-
bacteria and Bacillus in Phylum treated by BC were sig-

Figure 2 (Color online) The effects of different phosphorus-containing materials on the alpha diversity of soil community. The different letters indicate the
significant difference among treatments of different phosphorus-containing materials, P<0.05.
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nificantly higher than that by other treatments.
Non-metric multidimensional scaling (NMDS) (Figure S3)

and dissimilarity tests (Table S4) indicated that the bacterial
community structures of soils were significantly different
among treatments of different phosphorus-containing mate-
rials.

3.6 Phosphorus-containing materials: direct and in-
direct impacts on the bacterial community

The analysis results of the Pearson correlation (Table S5) and
Mantel test indicate that the diversity of bacteria is correlated
negatively with REEs concentration in soil solution, pH
value, and rare-earth content in rice during transplanting
period of rice seedling. It is negatively correlated with the
REEs concentration of soil solution during rice maturing
period. The richness of bacteria was correlated negatively

with the REEs concentration in soil solution, pH value, and
REE content in rice. Canonical correspondence analysis
(CCA) and CCA-based variation partitioning analysis (VPA)
were used to further analyze the influence of environmental
factors on the bacterial community. The result (Figure 4)
indicates that the contributions of P content in roots, soil pH
value during rice transplanting period (TpH), rare-earth
content during rice maturing period (MR), REE content of
grain (GR), REEs concentration in soil solution during rice
transplanting period (TR), and pH value during rice maturing
period (MpH) to bacterial community were 11.13%, 8.12%,
7.63%, 6.44%, 5.10% and 4.15%, respectively.

4 Discussion

Phosphorus can not only promote the growth of rice, but also

Figure 3 (Color online) Heat map of the top 30 genera in soil.

1623Jin S L, et al. Sci China Tech Sci September (2019) Vol.62 No.9



affect the absorption and accumulation of REEs in rice,
physical and chemical properties of soil and ecological en-
vironment [33]. As can be seen from Table S6, the dry weight
of rice roots and shoots is positively correlated with P con-
centration, and negatively correlated with the REEs con-
centration, REEs in rice roots and shoots are highly
negatively correlated with P element, REEs in grains are
extremely negatively correlated with pH, REEs concentra-
tion in soil solution is negatively correlated with pH, but
extremely positively correlated with that in grains during rice
transplanting period, and positively correlated with dry
weight of roots, shoots and grains during rice maturing
period. P content was negatively correlated with REE con-
tent in rice. Because the electronic number of REEs in 4f
orbital is different, the physical and chemical properties of
REEs are different, and La is the most active rare earth, so
adding different phosphorus-containing materials to soil will
have the greatest impact on La. Different phosphorus-con-
taining materials have different effects on the physical and
chemical properties of soil, the REEs concentration in soil
solution, the biomass of rice, the concentration of REES and
P in rice. Soil pH, REEs concentration in soil solution and
concentration of REEs and P in rice were important factors
affecting bacterial community structure [21,31].
In this study, SSP was added to the soil of the Xinfeng

mining area, because it is a water-soluble P fertilizer that
provides abundant P for rice growth. Therefore, the yield of
rice roots, shoots, grains, and P content in rice roots, shoots,
and grains increased. However, SSP exhibits weak acidity,
thus resulting in the decrease of soil pH (Table S3), the
promotion of REEs dissolution, the significant increase of
REEs concentration in soil solution and rice grains, reduction
in the abundance and diversity of soil bacteria, and sig-
nificant impact on the community structure of bacteria. At
the phylum level, the relative abundance of Acidobacteria
increased significantly. The relative abundance of Geothrix,
Dyella and Desulfovibrio increased significantly from the
level of Genus. Many studies have shown that the relative

abundance of Acidobacteria is correlated with soil pH and
nutrient composition significantly, and correlated with soil
pH negatively [34–39]. The genus of Desulfovibrio grew
autotrophically with hydrogen or onlactate, formate, pyr-
uvate, furnarate and malate. There was very little content of
hydrogen during the growing process of Geobacter. It may
be that the addition of SSP in soil releases certain hydrogen
ions, which promotes the growth of Desulfovibrio and in-
hibits the growth of Geobacter [40,41]. Studies have shown
that Ideonella, Geobacter and Bryobacter grew best at pH 7–
7.5, 6.0 and 5.5–6.5, respectively [42–44]. When SSP was
added to the soil, pH value of soil was 4.84, which was not
conducive to the growth of these fungis, so they were sig-
nificantly reduced.
Adding CMP to the soil of the rare-earth mining area in-

creased the abundant P fertilizer for rice growth, and in-
creased the dry weight of rice roots and shoots significantly.
The primary components of CMP are Ca3(PO4)2, CaSiO3,
and MgSiO3. Phosphate ions and silicate ions can not only
absorb rare-earth ions, but also react with rare-earth ions to
form rare earth phosphate and silicate precipitates. They can
also increase the soil pH (Table S3) and P concentration, and
significantly reduce the REEs concentration in soil solution
and the REEs content in rice rhizome, leaves, and grains. The
addition of CMP had little influence on the abundance of the
bacterial community, but increased the diversity sig-
nificantly. At the phylum level, the relative abundance of
Bacteroidetes by CMP treatment was significantly higher
than that by other treatments. At the genus level, the relative
abundance of Bacteria, Roseomonas and Azospirillum in-
creased significantly. It was reported that the variation in
Bacteroidetes abundance of soils was affected by the REE
content in soils. The relative abundance of Bacteroidetes was
higher when the REEs concentration in soils was lower [45].
The relative abundance of Bacteroidetes was related to the
soil pH and soil properties [39,46,47]. The increase in Ro-
seomonas abundance was due to the improvement in soil
nutrients [48]. The increased abundance of these classes may

Figure 4 (Color online) Canonical correspondence analysis (CCA) on soil bacterial communities with the environmental variables and CCA-based
variation partitioning analysis (VPA) of bacterial communities explained by environmental factors.
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be beneficial for the quality of soil. Azospirillum is com-
posed of plant growth-promoting bacteria, which can im-
prove the ability of plants to resist abiotic and biotic stresses
and promote the growth and yield of crops. Therefore, add-
ing CMP in soil significantly promotes the growth of rice
[49,50]. The addition of PR and BC in the soil of the rare-
earth mining area increased the soil pH (Table S3), decreased
the concentration of water-soluble REEs in the soil, pro-
moted the growth of rice, increased the dry weight and P
content in rice roots, leaves, and grains, reduced REEs content
in rice, increased the richness and diversity of soil bacteria
significantly, and optimized the soil ecology and environ-
ment. The chemical formulas of PR and BC are Ca3(PO4)3
(OH, F) and [Ca3(PO4)2]•CaCO3, calcium phosphate dis-
solved slowly in the presence of soil acid. The phosphate
ions released during the dissolution process form rare-earth
phosphate precipitates with the rare-earth ions in the soil.
The calcium phosphate surface adsorbs REEs directly, and
phosphate induces the adsorption of REEs. The REEs con-
centration in the soil solution is reduced. Growth factors such
as the pH value and inorganic salts in soil treated by PR were
suitable for the growth of Pseudorhodoferax, and the relative
abundance of Pseudorhodoferax increased significantly. BC
contains some hydroxyl phosphate rock powder, and its OH–
can directly absorb heavy metals (or REEs), and surface
groups of BC to form a complex (chelate) [51]. BC can
alleviate soil nutrient deficiency [52,53], improve soil phy-
sical structure, provide macroporous environment and soil
aeration [54–56], improve soil nutrient and pH value, and
enhance microbial activity [57–59]. Thus, microorganisms
can multiply in large numbers when the carbon, nitrogen,
water, inorganic salts, dissolved oxygen, and growth factors
become optimum. The abundance of Bacillus treated by PR and
BC is significantly higher than that by other treatments. It
may be that the P content in soil by these two treatments was
significantly higher than that by other treatments (P contents
in soil were 6.29 and 7.62 g kg−1 respectively by PR and BC
treatments, P contents in soil were 2.63, 2.91 and 0.35 g kg−1

respectively by SSP, CMP and CK treatments). It was re-
ported that Bacillus was generally considered as a plant
promoting bacteria [60] and biocontrol bacteria [61,62].
Bacillus sp. was also considered to be a phosphorus-solu-
bilizing bacterium [63,64] that can improve the soil physical
and chemical properties and microbial diversity, and promote
the solubility of insoluble phosphorus for the uptake and
utilization of plants [65,66]. Therefore, adding PR and BC to
the soil of rare-earth mining areas can promote the growth of
rice, and improve the diversity and richness of soil bacteria.

5 Conclusion

The addition of phosphorus-containing materials such as

SSP, PR, CMP and BC to the soil of rare earth mining area
significantly affected the concentration of water-soluble
REE in soil, the soil pH, the dry weight of rice roots, shoots,
grain, the concentration of REEs and P in rice, and then
affected the soil bacterial community structure. The addition
of SSP increased the dry weight of rice roots, shoots and
grains, and reduced the REEs concentration in the roots,
shoots, but significantly increased REEs concentration in
grain, reduced the richness and diversity of bacteria, and
affected food security and ecological environment. CMP
increased the dry weight of rice roots, shoots and grains,
reduced REEs concentration in rice organs, and increased the
diversity of soil bacteria. The addition of PR and BC in-
creased the dry weight of rice roots, shoots and grains, re-
duced REEs concentration in rice organs, increased the
richness and diversity of soil bacteria, and promoted food
security and ecological environment quality.
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