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Abstract Silica fertilization and nano-MnO2 amendment are
reported as useful approaches in lowering the accumulation of
arsenic in rice grains, but the effects of silica fertilization or
nano-MnO2 amendment on microbial community in the pad-
dy soils containing high concentration of arsenic are still un-
known. In order to elucidate this question, the structures and
composition of microbial community in the paddy soils, in
response to silica fertilization and nano-MnO2 amendment,
were investigated using pyrosequencing technique. The re-
sults indicated that Proteobacteria, Chloroflexi, and
Acidobacteriawere the main dominating phyla in these paddy
soils. A decrease in the relative abundance of Chloroflexi and
Cyanobacteria, but an increase in the relative abundance of
Acidobacteriawas observed after silica fertilization and nano-
MnO2 amendment. The changes of Acidobacteria,
Chloroflexi, and Cyanobacteria were strongly correlated with
pH and the concentration of bioavailable arsenic in the paddy
soils. The α-diversity of bacteria in the paddy soils increased
in response to silica fertilization at low amendment level, but
decreased under silica or nano-MnO2 amendment at high
amendment level. Results of β-diversity analysis indicated
that the microbial communities in the control treatment shared

more similarity with that of those received low level of nano-
MnO2 amendment, and the two silica fertilization treatments
also shared more similarity with each other.
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Introduction

Arsenic pollution has been recognized as a major public health
issue in some parts of the world, especially in Asia
(Mukherjee et al. 2006). Long-term arsenic exposure could
damage internal organs and induce several cancers, e.g., la-
ryngeal cancer, bladder cancer, lung cancer, and skin cancer
(McClintock et al. 2012; Smith et al. 2012). Rice is a very
important staple food grain in Southeast Asian countries, in-
cluding China, India, Bangladesh, and the Philippines.
Arsenic in soils can be assimilated from root systems and then
accumulated in rice, and arsenic in rice is regarded as a disas-
ter for these countries (Azizur Rahman et al. 2008; Zhu et al.
2008). As for China and some other countries, another serious
problem is the limitation of quality arable land without high
level of pollutants considering the high population. For exam-
ple, China has <9 % of the world’s cultivated land to feed
22 % of the global population (Chen 2007). In addition, the
limited quantities of arable lands continue to decrease due to
urbanization and development (Tan et al. 2005; Chen 2007).
Food security and crisis could be aggravated if these countries
give up arsenic-contaminated arable lands for food production
completely. In order to safely utilize arsenic-contaminated ag-
ricultural land for food production, various approaches were
proposed to relieve the toxicity of arsenic in soils against rice
and lower the accumulation of arsenic from soils into rice
grains, e.g., water regime (Xu et al. 2008; Li et al. 2009), silica
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fertilization (Li et al. 2009), and nano-MnO2 amendment
(Zhou et al. 2015).

Microorganisms are ubiquitous in soils and responsible for
nutrient cycling. Microbial communities are enormously di-
verse in paddy soils, and some of them can affect the growth
of paddy rice seedlings or arsenic accumulation in rice grains
(Pandey et al. 2013; Wang et al. 2009). The structure of mi-
crobial community depends on biotic and abiotic factors tak-
ing place in soils. Previous studies showed that arsenic con-
tamination affected the composition of microbial community
in paddy soils (Somenahally et al. 2011). However, the effects
of remedial approaches towards arsenic contamination and
pollution on bacterial community remain unknown.
Recently, silica fertilization (Li et al. 2009) and nano-MnO2

amendment (Zhou et al. 2015) are reported as effective ap-
proaches to decrease the accumulation potential of arsenic into
rice, particularly the grains. However, the effects of silica fer-
tilization or nano-MnO2 amendment on the structure of mi-
crobial community in paddy soils are poorly understood.

The majority of the soil microflora is difficult to culture
using traditional isolation and culturing techniques (Amann
et al. 1995; Nocker et al. 2007). It is estimated that only a very
small fraction of the indigenous microbial community in soils
(0.01–10 %) could be cultured in artificial medium under lab-
oratory conditions (Amann et al. 1995; Richaume et al. 1993).
Thus, metagenomics and DNA sequencing-basedmethods are
useful in the study of microbial ecology because they are
culture-independent. PCR-based next-generation DNA-
sequencing technologies, e.g., 454 pyrosequencing and
Illumina pyrosequencing, are proven as useful tools in reveal-
ing the microbial ecology and are intensively used in the
studying of microbial ecology in various niches from surface
to subsurface (Wang et al. 2014; Feng et al. 2015; Yan et al.
2015; Yang et al. 2014). In order to elucidate the effects of
silica fertilization and nano-MnO2 amendment on the struc-
tures and composition of bacterial community in paddy soils,
a field experiment was carried out, and Illumina pyrosequenc-
ing method was used to investigate the effects of these reme-
diation methods on the structures and composition of micro-
bial community in paddy soils.

Materials and methods

Field experiment and sampling of non-rhizosphere paddy
soil

Field experiment was carried out in 2013 at an arsenic-
contaminated paddy field (N 25° 36′ 01.11″; E 113° 00′
42.68″) in the country of Dengjiatang, Cunzhou District,
Hunan Province, China. The total arsenic content in the paddy
soil was 72.71 mg/kg on average. Slag based silica fertilizer
(SiO2) and nano-MnO2 were amended to the top surface of

paddy soils at a level of 1.8 and 18 kg/m2, respectively, on
May 31, 2013. Control was made without silica or nano-
MnO2 addition. Thus, there were five different treatments in
this study: control, two silica fertilization treatments (1.8 kg/
m2, Si-L; 18 kg/m2, Si-H), and two nano-MnO2 amendment
treatments (1.8 kg/m2, Mn-L; 18 kg/m2, Mn-H). Each treat-
ment contained three replicates. Surface paddy soils (0–
20 cm) were tilled after silica and nano-MnO2 amendments
and then flooded and incubated for 7 days for preparation of
rice seedings. Rice seeding transplant was carried out on
June 6, 2013. The fields were maintained flooded during the
whole duration of the experiment. Non-rhizosphere paddy soil
samples were taken on July 29, 2013 at rice tillering stage.
Paddy soils (0-10 cm) were collected at three different loca-
tions for each treatment using a 4.5-cm-diameter soil sampling
auger, put into sterile plastic bags, and transferred on ice back
to the laboratory. They were stored at −80 °C.

Soil physicochemical analysis

The contents of total organic carbon (TOC), total phosphorus
(TP), total nitrogen (TN), pH, Eh, and bioavailable arsenic of
the paddy soil samples were determined. The contents of TOC
in paddy soil samples were measured using the total organic
carbon analyzer (TOC, Elementar vario TOC, Germany).
Total nitrogen was analyzed with Kjeldahl method. Soil total
phosphorus content was determined by alkaline digestion
followed by molybdate colorimetric measurement (Murphy
and Riley 1962). Soil pH and Eh were determined using a
pH-Eh meter (Leici, Shanghai, China). The bioavailable arse-
nic content was assayed by extracting with 0.1 M of HCl
according to the method described by Thomas (2006) and
determining with atomic fluorescence spectrometry (AFS-
920, Titan Instruments, Beijing, China).

DNA extraction, PCR amplification, and pyrosequencing

The soil samples from three replicates of the same treatment
were mixed together and homogenized thoroughly. Microbial
community DNA from paddy soil samples was extracted
using SoilMaster DNA Extraction kit (Epicentre
Biotechnologies, Madison, WI) according to manufacturer’s
i n s t r uc t i ons . The 16S un ive r s a l p r ime r s 515F
( G T G C C A G C M G C C G C G G ) a n d 9 0 7 R
(CCGTCAATTCMTTTRAGTTT) were used to amplify the
V4-V5 region of the 16S ribosomal RNA (rRNA) gene (515–
907). The oligonucleotide sequence barcode fused to the for-
ward primer. The PCR reaction mixture (20 μL volume)
contained: 4 μL of fivefold FastPfu reaction buffer
(TransGen Biotech, Beijing, China), 2 μL of dNTP mixture
(2.5 mM), 0.4 μL of each primer (5 μmol/L), 0.4 μL of
FastPfu polymerase, 10 ng of the template DNA, and
ddH2O to make up the volume. The PCR thermal cycling
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scheme was set as follows: initial denaturation at 95 °C for
5 min, 25 cycles of denaturation at 95 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 30 s followed by a
final extension period at 72 °C for 5 min. PCR amplification
was performed on an ABI GeneAmp PCR System 9700
(Applied Biosystems, CA, USA). PCR products were exam-
ined on a 2 % (w/v) agarose gel and further purified using
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,
Union City, CA, USA). Purified amplicons were quantified
using QuantiFluor™-ST (Promega, USA) and paired-end se-
quenced on an Illumina MiSeq platform at Majorbio Bio-
Pharm Technology Co., Ltd. (Shanghai, China) according to
the standard protocols.

Bioinformatics and statistical analysis

Raw pyrosequencing data were demultiplexed and quality-
filtered using Trimmomatic according to the method described
by Lohse et al. (2012). Overlapping reads were merged into
single long reads using FLASH (Magoc and Salzberg 2011).
The qualified sequences were clustered into operational taxo-
nomic units (OTUs) with 97% similarity cutoff using Usearch
(version 7.1 http://qiime.org/). The phylogenetic affiliation of
each 16S rDNA sequence was analyzed using RDP Classifier
(version 2.2 http://sourceforge.net/projects/rdp-classifier/)
with a confidence threshold of 0.7. The reference database
was Silva (Release115 http://www.arb-silva.de). Rarefaction
curve and alpha diversity including Chao1 estimator, ACE
estimator, Shannon index, and Simpson index were analyzed
using Mothur (version v.1.30.1 http://www.mothur.org/wiki/
Schloss_SOP#Alpha_diversity) (Schloss et al. 2011). Venn
diagram and heatmap figures were performed using R
package (http://www.Rproject.org/). Principal component
analysis (PCoA) and redundancy analysis (RDA) were per-
formed using Canoco (version 4.5, Microcomputer Power,
Ithaca, NY, USA). The ANOVA analysis was performed using
SPSS version 13.0 (SPSS Inc., Chicago, USA).

Sequencing data deposition

The raw data for this study were deposited in the SRA of
NCBI (SRP059905).

Results

Soil physicochemical characteristics

The effects of silica fertilization and nano-MnO2 amendment
on physicochemical characteristics of the paddy soil samples
in this study are presented in Table 1. Silica fertilization or
nano-MnO2 amendment had no significant effect on the con-
tents of TN in the paddy soils. The content of TP was not

influenced by silica fertilization, but was significantly lower
than the control under nano-MnO2 amendment at the level of
18 kg/m2. The contents of TOC were lower than the control in
the treatments of silica fertilization or nano-MnO2 amend-
ment. The pH of the soils that received high level of silica or
nano-MnO2 amendment was significantly lower than the con-
trol treatment. Both silica fertilization and nano-MnO2 amend-
ment effectively lowered the bioavailable arsenic concentra-
tion in these paddy soil samples, and the content of bioavail-
able arsenic decreased with the increase of silica or nano-
MnO2 amendment levels.

General characteristics of the pyrosequencing-derived
data

For the five paddy soil treatments, a total of 194,594 valid
sequences were obtained after quality screening. The number
of sequences per sample ranged from 21,682 to 49,586 with
an average of 38,919. The length of these valid sequences was
mainly about 300–400 bp, accounting for 98.82 % of the total
valid sequences. The average length of these valid sequences
was 396.43 bp. Rarefaction analysis indicated that sequence
obtained from the five soil samples reached near saturation at
a genetic distance of 3 % (Fig. 1).

Bacterial richness and diversity

The valid sequences obtained for bacteria could be assigned to
5259 OTUs using Usearch (version 7.1 http://qiime.org/).
These OTUs could be clustered into 44 phyla. The main
phyla in these soil samples were Proteobacteria (36.95–38.
66 %), Chloroflexi (8.64–15.34 %), and Acidobacteria (10.
88–19.53 %) (Fig. 2). Other highly represented phyla
included Nitrospirae (5.42–9.14 %), Planctomycetes (6.37–
7.66 %), Cyanobacteria (1.09–7.06 %), Bacteroidetes (3.
79–4.86 %), candidate division WS3 (2.80–3.98 %),
Actinobacteria (0.6–1.85 %), and Gemmatimonadetes (1.37–
1.52 %) in decreasing order. Members of the phyla
Spirochaetae , Firmicutes , Verrucomicrobia , and
Elusimicrobia were also presented in most samples, but at
low abundance.

The effects of silica fertilization and nano-MnO2 amend-
ment on the bacterial richness and diversity in the paddy soil
samples depend on the amendment materials and also the
level applied. Proteobacteria was the highest presented phy-
lum in all these paddy soil samples, and silica fertilization or
nano-MnO2 amendment showed no significantly influence on
its relative abundance. Silica fertilization decreased the rela-
tive abundance of Chloroflexi but increased the relative ratio
of Acidobacteria in these paddy soil samples, and such effects
were also observed on the treatment of high level nano-MnO2

amendment (Mn-H). This positive effect on Acidobacteria
and negative effect against Chloroflexi led to the substitution
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of Chloroflexi with Acidobacteria as the second highly pre-
sented phylum in the two silica fertilization treatments and the
Mn-H treatment. Cyanobacteria was another phylum signifi-
cantly influenced by silica fertilizer and nano-MnO2 amend-
ments. The relative abundance of Cyanobacteria decreased
drastically in response to silica fertilization or nano-MnO2

amendment, and the richness of Nitrospirae increased in re-
sponse to two silicon fertilization treatments and the treatment
of Mn-H.

The alpha diversity of bacteria in paddy soil samples was
also modified by silica fertilization and nano-MnO2 amend-
ments. The Chao1 estimator, ACE estimator, Shannon index,
and Simpson index were all presented in the same pattern to
silica fertilization or nano-MnO2 amendments (Fig. 3). Theα-
diversity of bacteria in the paddy soil samples increased to
silica fertilization at an amendment level of 1.8 kg/m2 but
decreased at the amendment level of 18 kg/m2; nano-MnO2

amendment decreased α-diversity at the amendment level of
18 kg/m2.

The number of OTUs shared by all these soil samples,
according to Venn analysis, was 1705, accounting for

32.42 % of the total identified OTUs (Fig. 4). In order to
analyze the total number of shared OTUs between two sam-
ples, the percentage of shared OTUs (accounted for the total
observed OTUs of two target samples) were calculated based
on Venn analysis. The results indicated that the shared OTUs
between the control and the treatment of silica fertilization or
nano-MnO2 amendment were 38.6 % for low level of silica
fertilization (Si-L), 38.6 % for high level of silica fertilization
(Si-H), 38.0 % for low level of nano-MnO2 amendment (Mn-
L), and 35.0 % for Mn-H, respectively.

A heatmap, based on the level of class, was generated using
R packages pheatmap, which divided these five samples into
two groups at first levels (Fig. 5). One is composed of the
samples Si-L and Si-H; the other of control, Mn-L and Mn-
H. Bacterial community in the control treatment shared high
similarity with the treatment of Mn-L, and they grouped into a
branch apart from the treatment of Mn-H in the group.

The results of PCoA analysis are shown in Fig. 6. The first
principal coordinate (PC1) and second principal coordinate
(PC2) account for 60.7 and 23.3 % of the intersample vari-
ances, respectively. The samples are located in three loci with

Table 1 Effect of silica
fertilization and nano-MnO2

amendment on the
physicochemical characteristics
of arsenic-contaminated paddy
soils

TN

(mg/kg)

TP

(mg/kg)

Bioavailable As

(mg/kg)

TOC

(g/kg)

pH Eh

Control 770±129a 720±23a 0.95±0.14a 65.6±0.4a 7.35±0.05a −15.0±1.41a

Si-L 660±102a 640±3a 0.66±0.05b 62.5±0.3bc 7.25±0.07ab −14.0±1.41a

Si-H 810±150a 670±4a 0.55±0.13bc 63.0±0.2b 7.26±0.01b −19.00±0.00b

Mn-L 710±91a 620±6b 0.55±0.01bc 59.2±0.1c 7.33±0.04ab −21.5±2.12b

Mn-H 890±7a 650±62a 0.36±0.02c 58.4±0.4d 7.25±0.01b −20.5±0.71b

Data in table are means±SD

Different letters after data mean significant difference (p<0.05) (ANOVA)

Fig. 1 Rarefaction curves of
pyrosequencing based on V4-V5
of 16S rRNA gene at a genetic
distance of 3 %
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the control and the treatment of Mn-L located in locus 1, the
treatments of Si-L and Si-H in locus 2, and the treatment Mn-
H in locus 3 alone.

Discussion

Silicon and arsenic are metalloids. They may share the same
transport route during uptake by cell, and this has been proven
in rice (Ma et al. 2008). The increase of silicon concentration
could depress the uptake of arsenic and alleviate the toxicity of
it. Nano-MnO2 and the complex of oxides and silica all could

effectively adsorb arsenic and decrease its concentration in
water (Con et al. 2013; Bian et al. 2012; Han et al. 2011;
Mahmood et al. 2012). Thus, silica fertilizer and nano-MnO2

could lower the toxicity of arsenic through inhibiting the com-
petitive uptake of arsenic by cells or decrease the concentra-
tion of bioavailable arsenic in soils.

According to the results of pyrosequencing and anal-
ysis, Proteobacteria, Chloroflexi, and Acidobacteria

Fig. 2 Relative abundance of the dominant bacterial phyla in arsenic-
contaminated paddy soil samples. Si-L: silica fertilization at the level of
1.8 kg/m2; Si-H: silica fertilization at the level of 18 kg/m2; Mn-L: nano-
MnO2 amendment at the level of 1.8 kg/m2; Mn-H: nano-MnO2

amendment at the level of 18 kg/m2

Fig. 3 Effect of silica fertilization
and nano-MnO2 amendment on
the α-diversity of bacteria in
arsenic-contaminated paddy soil
samples. a Chao1 estimator. b
ACE estimator. c Shannon index.
d Simpson index. Different
lowercase letters within columns
indicate statistically significant
difference by one-way ANOVA
(p<0.05)

Fig. 4 Venn analysis of unique and shared OTUs of different treatments
(3 % distance level)
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were the dominant phyla in all these paddy soil samples
of this study (Fig. 2). Such results are in agreement
with previous studies (Xuan et al. 2012; Feng et al.
2015). The relative abundance and constituent of

Proteobacteria was hardly influenced by silica fertiliza-
tion or nano-MnO2 amendment (Figs. 2 and 5), and the
main OTUs shared by all these soil samples in Fig. 4
are belonging to the phylum Proteobacteria. Some

Fig. 5 Bacterial distribution of
the top 100 abundant classes
among the five paddy soil
samples
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previous studies indicated that Proteobacteria showed
resistance to arsenic contamination (Lorenz et al. 2006;
Das et al. 2013), and this may be a reason for its rel-
atively high and constant abundance in these soil
samples.

Acidobacteria and Chloroflexi are the other two highly
presented phyla in these paddy soils. Silica fertilization and
nano-MnO2 amendment increased the relative ratio of
Acidobacteria but decreased the relative abundance of
Chloroflexi (Fig. 2). Previous studies suggested that the abun-
dance of Acidobacteriawas strongly regulated by soil pH, and
low pH was in favor of Acidobacteria (Jones et al. 2009;
Tripathi et al. 2012). Results of RAD analysis in this study
indicated that Acidobacteria showed a negative correlation
with soil pH value, whereas Chloroflexi showed a positive
correlation with soil pH value in this study (Fig. 7). As shown
in Table 1, the pH values of the soils that received silica or
nano-MnO2 amendment were lower than the control. The de-
crease of pH value in paddy soils may be a reason for the
positive effect of silica and nano-MnO2 amendment on
Acidobacteria. As indicated in Fig. 7, the content of bioavail-
able arsenic in soil is also negatively correlated with
Acidobacteria but positively with Chloroflexi. The reduction
of biotoxicity of arsenic by silica fertilization and nano-MnO2

amendment may be another reason for this phenomenon
observed.

Actinobacteria are widely distributed in soils and play an
important role in organic matter turnover, carbon cycling, and
suppression of some fungal pathogens (Jenkins et al. 2010).
Results of RAD analysis also suggested that the relative abun-
dance of Actinobacteria was closely related with the contents
of TOC in paddy soils (Fig. 7). Some early studies indicated
that Actinobacteria had high abundance (always more than
10 %) in the soils (Nacke et al. 2011; Davinic et al. 2012).
However, the relative abundance of Actinobacteria in this
study ranged only from 0.6 to 2.25 % (Fig. 2). Other studies
reported that Actinobacteria had low relative abundance in

arsenic-contaminated soils, whereas it had high relative abun-
dance in the control soils (Sheik et al. 2012; Lorenz et al.
2006). Thus, arsenic contamination may be a plausible reason
for the low relative abundance of Actinobacteria in soils of
this study. The paddy soils in this study were under flooding
during the whole experiment period, and the anaerobic condi-
tion in paddy soils may be another reason for the lower rela-
tive abundance of Actinobacteria in this study since most
Actinobacteria are aerobic. Similar results were also presented
in some paddy soils and activated sludge (Xuan et al. 2012;
Yang et al. 2014).

Cyanobacteria was highly presented in the control soil in
this study and accounted for 7.06 % of total reads in the con-
trol (Fig. 2). However, the relative abundance of
Cyanobacteria decreased drastically to silica fertilization or
nano-MnO2 amendment. Cyanobacteria , such as
Microcystis, Nostoc, and Synechocystis, have various strate-
gies to detoxify arsenic, including arsenite methylation, vola-
tilization, arsenite reduction, and efflux (López-Maury et al.
2003; Yin et al. 2011; Pandey et al. 2012). These strategies
make Cyanobacteria resistant/tolerant to arsenic contamina-
tion. This may be the reason for the high abundant ratio of
Cyanobacteria in the control paddy soils.

As indicated in Table 1, the content of bioavailable
arsenic decreased under silica fertilization or nano-MnO2

amendment. The decrease of arsenic biotoxicity, in re-
sponse to silica fertilization or nano-MnO2 amendment,
may decrease the competition of Cyanobacteria, which
in turn decreased the relative abundance of this microor-
ganism in soils. Cyanobacteria prefer the weak alkaline
niches (Nayak and Prasanna 2007). The results of RAD
analysis indicated that the richness of cyanobacteria was
closely related to the pH of soil (Fig. 7). The decrease of
soil pH in response to silica or nano-MnO2 amendment

Fig. 6 Principal component analysis on the similarity of bacterial
communities in different paddy soil samples using Canoco 4.5

Fig. 7 Cross analysis of bacterial community and soil physicochemical
characteristics using redundancy analysis (Canoco 4.5)
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may be another reason for the decrease of relative abun-
dance of Cyanobacteria in paddy soils.

Results of heatmap (Fig. 5) and PCoA (Fig. 6) anal-
ysis all indicated that low level of nano-MnO2 amend-
ment had little effect on the structure of bacterial com-
munity in arsenic-contaminated paddy soil, whereas high
level nano-MnO2 amendment and two silica fertilization
treatments all significantly altered the structure of bac-
terial community. Nano-MnO2 was proposed to remedi-
ate heavy metal contamination, while the toxicity of
nano-MnO2 had also been emphasized (Li et al. 2014).
Though the bioavailable arsenic in the treatment of Mn-
L was lower than the control, the toxicity of nano-
MnO2 may partially offset the alleviation of toxicity
from arsenic. We deduce that this is the reason for the
little effect of low level nano-MnO2 on the structure of
bacterial community in arsenic-contaminated paddy soil.
The α-diversity analysis (Chao1 estimator, ACE estima-
tor, Shannon, and Simpson) indicated that silica fertili-
zation increased soil microbial diversity at low amend-
ment level but decreased it at high amendment level
(Fig. 3). The effects of silica fertilization on the struc-
ture of bacterial community are still obscure. Ahn et al.
(2012) reported that silica fertilizer decreased the α-
diversity of bacteria in April in paddy soil but increased
it in August. The bioavailable arsenic in two silica fer-
tilization treatments was significantly lower than the
control in this study, while two silica fertilization treat-
ments have opposite effects on the bacterial diversity.
We presently could not confirm the increase of bacterial
diversity in the treatment of Si-L either it was induced
by silica fertilizer itself or by the decrease of bioavail-
able arsenic in paddy soils, but, we at least could de-
duced that the decrease of bacterial diversity in the
treatment of Si-H was induced by high-level silica
amendment. As mentioned above, nano-MnO2 may be
toxic to bacteria; thus, we deduced that the decrease of
bacterial diversity in the treatment of Mn-H was caused
by the toxicity of nano-MnO2 itself.
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