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Abstract Soil properties affect the bioavailability of
cadmium (Cd). In general, soils in southern China are
rich in iron (Fe) and contain manganese (Mn), which
form ferromanganese nodules through biological or
chemical reactions. In this study, it is hypothesized that
the formation of Fe/Mn oxides can reduce the bioavail-
ability of Cd and play an important role in reducing the
uptake of Cd by rice. In this study, the effects of Fe and
Mn on the contents of Fe (II)-oxidizing bacteria (FeOB)
communities, Fe oxides, and Cd speciation in Cd-
contaminated paddy soils were studied in a pot experi-
ment. Results showed that, compared with the CK treat-
ment, the addition ofMn (II) increased the abundance of
FeOB (Thiobacillus sp.) in the soil, thereby increasing
the content of amorphous Fe oxides in the rhizosphere.
Amorphous Fe oxides effectively immobilized Cd in the
soil, that is, with an increasing content of Cd bound to
amorphous Fe/Mn oxides in the rhizosphere and non-
rhizosphere soils, the mobility and bioavailability of Cd

were reduced. After the addition of Mn (II) and Fe (II),
the Fe content in the root Fe plaque of rice increased
significantly, while the Cd content decreased signifi-
cantly. The increase of Fe in the root Fe plaque inhibited
rice uptake of soil Cd; thus, the Cd content in rice shoots
was significantly lower than the Cd content in the CK
treatment. Compared with the addition of Fe (II), the
addition of Mn (II) effectively reduced the Cd content in
rice shoots. These findings suggested that the addition of
Mn (II) can promote the formation of Fe oxides in soils
and reduce the Cd content in rice. These research results
provide support for using Mn-based soil remediation
materials to remedy Cd-contaminated soils.
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oxides . Fe (II)-oxidizing bacteria

1 Introduction

Rice is one of the staple foods in Asia. In recent years,
incidents of rice cadmium (Cd) pollution have occurred
frequently, posing a serious threat to human health. Cd
poisoning has been reported to severely damage human
tissues and functional systems, such as the kidneys,
respiratory system, and reproductive system (Godt
et al. 2006). A high background content of Cd in soils
due to the discharge of mining wastewater may cause
soil Cd to significantly exceed its maximum allowable
content. This is especially true for some major rice
production areas in Asia, such as Thailand and China,
where soils and ground water have been seriously
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polluted by Cd, resulting in Cd accumulation in rice
with adverse impacts on human health (Liu et al.
2015; Robson et al. 2014; Kosolsaksakul et al. 2014;
Zhang et al. 2014). Statistics show that approximately
16.1% and 19.4% of soils and farmlands, respectively,
are polluted by heavy metals, such as Cd (Zhou et al.
2015). Therefore, determining how to control Cd pollu-
tion in rice to ensure healthy rice production has become
an important issue in Cd pollution control.

Previous studies have shown that plant uptake of
metal ions from soils is affected by the physicochemical
properties of the soil, such as pH, organic matter, and
mineral content (Pietrzykowski et al. 2014). Cdmobility
and bioavailability are controlled by pH. For example, at
a low pH, Cd will be released from iron (Fe) or manga-
nese (Mn) oxides, making it more prone to be taken up
by plant, thereby increasing the risk of contamination. In
the subtropical soils of southern China, Fe oxide con-
tents are appreciable with high activity and play an
important role in the migration and immobilization of
Cd. For example, Fe oxides effectively immobilize Cd
due to their strong adsorption capacity. However, when
Fe oxides are dissolved, Cd may be released and easily
absorbed by plants (Liu et al. 2014). Therefore, certain
forms of metal oxides effectively control the uptake of
heavy metals by plants. In soils, various oxides often
coexist, such as Fe and Mn oxides. Highly active Mn
oxides, which are strong oxidants, can accelerate the
oxidation of Fe in soils by forming ferromanganese
nodules through strong migration and agglomeration
during supergene processes. Due to their poor crystal-
linity, low point of zero charge (PZC), and high surface
negative charge, ferromanganese nodules determine
heavy metal speciation and concentration in soils
through redox and adsorption/co-precipitation processes
(Bartlett 1988). Mn (II/III)/Mn (IV) in soils has similar
redox properties to Fe (II)/Fe (III), that is, there is
competition for electron acceptors or donors between
the Fe and Mn cycles. Too high a Mn content can
promote the oxidation of Fe (II) while inhibiting its
reduction (Ying et al. 2012). However, the mechanism
of how Mn affects the oxidation process of Fe, and in
turn the subsequent immobilization of heavy metals,
remains unclear.

During paddy field flooding, paddy soils are mainly
in an anaerobic state. Due to the radial oxygen loss
(ROL) of rice, a micro-aerobic environment is formed
in the soil around the rhizosphere. Given the limited
oxidant content, the oxidation of Fe and Mn during the

flooding period is mainly caused by micro-aerobic or
anaerobic microorganisms. It has been reported that
microbial-mediated Fe (II) oxidation is the main cause
of Fe oxide formation in micro-aerobic/anaerobic envi-
ronments, such as flooded paddy fields, groundwater,
and seafloor sediments (Kappler et al. 2005;Weber et al.
2006). When microbial-mediated Fe (II) oxidation takes
place to form Fe oxides, heavy metal ions in the soil or
water will be absorbed and immobilized by the Fe
oxides (Fabisch et al. 2013; Lack et al. 2002). Neubauer
et al. (2007) showed that FeOB can promote the forma-
tion of Fe plaque on the root surface of Juncus effusus.
Dong et al. (2016) confirmed that FeOB/MnOB
(manganese-oxidizing bacteria) can promote the forma-
tion of Fe/Mn plaque on rice roots and reduce Cd
accumulation in the root Fe plaque and in rice leaves.
When oxidizing Fe (II), some neutral FeOB can also
oxidizeMn (II), thereby forming a complex mineral rich
in Fe and Mn (Tebo et al. 2005), which can eventually
develop into ferromanganese nodules in soils through a
series of migration and agglomeration processes. There-
fore, under neutral micro-aerobic/anaerobic conditions,
abundant Mn (II) in soils may affect the microbial-
mediated Fe (II) oxidation process, thus forming differ-
ent types of secondary minerals to affect the adsorptive
immobilization, redox, and bioavailability of heavy
metal elements.

This study mainly used a field pot experiment with
Cd as the target heavy metal to investigate the effect of
Mn on Fe (II) oxidation and the migration and transfor-
mation of heavy metals. Rhizosphere and non-
rhizosphere soils of rice were investigated using a
root-bag method to identify how soil Mn (II) affected
rice growth, the formation of Fe/Mn plaque on rice
roots, Cd uptake, and the composition of the soil micro-
bial community.

2 Materials and Methods

2.1 Pot Experiments

Soils for the pot experiment were collected from the
surface (depth 0–20 cm) of a heavy metal-
contaminated farmland in Hezhou City (24°22′24.0″
N, 111°37′9.7″ E), Guangxi Province, China. Soil prop-
erties were determined according to Lauber et al.
(2008); the physicochemical properties are shown in
Table 1. The soil samples were air dried and passed
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through a 2-mm sieve, after which the soil samples were
mixed with Cd added at a rate of 1.7 mg (as
CdCl2½H2O) per kg of soil. The samples were then
allowed to age under moisture for 6 months, followed
by air drying. Next, the air-dried samples were passed
through a 2-mm sieve and placed in plastic pots
(175 mm top diameter, 130 cm bottom diameter, and
132 mm height). Approximately 1.5 kg of air-dried
sample was placed in each pot; 0.5 kg of the soil sample
was placed in a 300-mesh nylon bag as the rhizosphere
soil and the remaining 1.0 kg of the soil sample was
placed outside the nylon bag as the non-rhizosphere soil.

The rhizosphere and the non-rhizosphere soils were
studied with the root-bag method. Three treatments
were set up in this study: (1) no addition of FeSO4 or
MnSO4 (CK), (2) addition of 800 mg Fe (as
FeSO4·7H2O) per kg of air-dried soil sample (Fe800),
and (3) addition of 800 mg Mn (as MnSO4·H2O) per kg
of air-dried soil sample (Mn800). Before planting and in
addition to FeSO4·7H2O andMnSO4·H2O, the soil sam-
ples in each treatment were treated with urea,
monoammonium phosphate, and potassium chloride at
doses of 75 mg, 1.075 g, and 454 mg per kg of soil
sample, respectively, after which the soil samples were
allowed to age for 1 week. The test rice was the y-
liangyou variety. Seeds were surface-sterilized with
3% NaOCl for 15 min, rinsed with deionized water five
times, and then cultivated with vermiculite. Rice seed-
lings aged for 3 weeks with the same growth state and
were transplanted into 300-mesh nylon nets. Two seed-
lings were placed in a net per pot, with quadruplicates
per treatment.

Rice and soil samples were collected during the
tillering period. The pH of the rhizosphere and non-
rhizosphere soils was determined in situ using an
IQ150 pH meter before collection. Some of the rhizo-
sphere and non-rhizosphere soils were collected in a
sterile centrifuge tube using a high-temperature-
sterilized plastic spoon and stored in a − 18 °C refriger-
ator for soil microbial analysis. Part of the rhizosphere
and non-rhizosphere soils was immediately subjected to
Fe (II) and Mn (II) analysis before oxidation of Fe (II)
and Mn (II); the remaining rhizosphere and non-
rhizosphere soils were air-dried; passed sequentially
through 1-mm, 0.3-mm, and 0.15-mm sieves; and ana-
lyzed subsequently by soil physicochemical property
analysis.

2.2 Sodium DCB Extraction of Root Fe/Mn Plaque

Fe/Mn plaque on fresh rice roots was extracted using the
dithionite-citric acid-bicarbonate (DCB) method (Taylor
et al. 1984). The extracting agent was made by mixing
40 mL of 0.3 mol L−1 sodium citrate and 5 mL of
1 mol L−1 sodium bicarbonate. The roots were thor-
oughly washed three times with deionized water. Then,
1 g of fresh roots was placed into a mixture of sodium
citrate and sodium bicarbonate; 3 g of sodium dithionite
was added, and the mixture was shaken at 25 °C for 3 h.
Concentrations of Cd, Mn, and Fe in the extract were
analyzed by atomic absorption spectrometry (PinAAcle
900, Perkin Elmer, USA).

After DCB extraction, the rice roots were rinsed with
deionized water three times. The roots, stems, and
leaves were heated at 105 °C for 0.5 h, and then dried
at 65 °C for 72 h to achieve a constant weight. This was
followed by HNO3 microwave digestion (CEMMars 6,
Pynnco, USA) and measurement of Cd, Mn, and Fe
concentrations by atomic absorption spectrometry
(PinAAcle 900, PerkinElmer, USA).

The following procedure was used to determine Fe
(II)/Mn (II) in the soil: Fresh soil samples with an
equivalent dry weight of 4 g were weighed and added
to a 50-mL 0.1 N aluminum sulfate solution (pH 2.50)
for 5 min and then filtered. Fe (II) in the filtrate was
subjected to colorimetric analysis (UV-2600, Shimadzu,
Japan) at a wavelength of 530 nm using phenanthroline
colorimetry. Colorimetric analysis of Mn (II) in the
filtrate was performed at a wavelength of 540 nm using
potassium permanganate colorimetry.

Table 1 Selected physicochemical properties of the soil for pot
experiments

Properties Value

pH 5.91

Cation exchange capacity 6.38

Exchangeable Ca (g·kg−1) 7.53

Total Cd (mg·kg−1) 0.36

Soil available Cd (mg·kg−1) 0.25

Total Fe (g·kg−1) 12.25

Soil available Fe (g·kg−1) 0.087

Total Mn (mg·kg−1) 64.30

Soil available Mn (mg·kg−1) 7.13

Organic matter (g·kg−1) 20.90
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The following procedure was used to extract the free
Fe/Mn: A 0.5 g aliquot of the soil sample that passed
through a 60-mesh sieve was placed in a 50-mL centri-
fuge tube to which 20 mL of 0.3 mol L−1 sodium citrate
solution and 2.5 mL of 1 mol L−1 sodium bicarbonate
solution were added, followed by heating of the tube in a
water bath at 80 °C for 5 min. Subsequently, approxi-
mately 0.5 g of sodium dithionite was added and the
tube was shaken for 15 min and then centrifuged. The
supernatant was stored for later analysis (Bascomb
1968).

The following procedure was used to extract amor-
phous Fe/Mn: A 2 g aliquot of the soil sample that
passed through a 60-mesh sieve was weighed in an
Erlenmeyer flask.We added 100 mL (soil-to-liquid ratio
of 1:50) of a 0.2 mol L−1 ammonium oxalate buffer
solution that acted as the extracting agent, after which
the flask was covered with a black plastic bag as a light
shield. The flask was shaken at a constant temperature
for 3 h, after which the mixture was transferred to a
centrifuge tube and centrifuged. The supernatant was
stored for later analysis (Shuman 1982).

The extraction of organic complexes Fe/Mn was
conducted as follows: A 2 g aliquot of the soil sample
that passed through a 60-mesh sieve was placed in an
Erlenmeyer flask. We added 40 mL of a 0.1-mol-L−1

sodium pyrophosphate solution, which acted as the
extracting agent. After an overnight extraction, the
resulting mixture was transferred to a centrifuge tube
and centrifuged, and the supernatant was stored for later
analysis (McKeague 1967).

Relative abundances of different speciation forms of
Cd in the soil were determined according to Tessier et al.
(1979). Fe, Mn, and Cd in the extract were analyzed by
atomic absorption spectrometry (PinAAcle 900,
PerkinElmer, USA).

2.3 Soil DNA Extraction, 16S rRNA Gene
Amplification, and High-Throughput Sequencing

Total genomic DNAwas extracted from 0.25 g of each
rhizosphere and non-rhizosphere soil sample using a
PowerSoil DNA isolation kit (MO BIO Laboratories
Inc., MA, USA) according to the manufacturer’s in-
structions. The total genomic DNA extracts were sub-
mitted for high-throughput amplicon sequencing at
Magigen Biotechnology (Shenzhen, China) of the V4
region of 16S ribosomal RNA (rRNA). PCR amplifica-
tion of 16S rRNA gene fragments was performed using

primers F515 (50-GTGCCAGCMGCCGCGGTAA-30)
and R806 (50-GGACTACVSGGGTATCTAAT-30),
with a sample-specific 12-bp barcode added to the re-
verse primer (Caporaso et al. 2011). The bioinformatics
analysis was processed using Mothur and QIIME
(Schloss et al. 2009; Caporaso et al. 2011). Chimeric
and low-quality sequences were identified and removed,
whereas the 12-bp barcode was examined in order to
assign sequences to individual samples. Operational
taxonomic units (OTUs) were identified at the 97%
sequence similarity level using UCLUST (Edgar
2010), and a representative sequence from each phylo-
type was selected using PyNAST (DeSantis et al. 2006).
The taxonomic classification of each phylotype was
determined using the Ribosomal Database Project
(RDP) at the 80% threshold. The relative abundance
(%) of individual taxa within each community was
estimated by comparing the number of sequences
assigned to a specific taxon versus the number of total
sequences obtained for that sample.

2.4 Statistical Analysis

One-way analysis of variance was performed with SPSS
16.0 (SPSS Inc., Chicago, IL, USA). Statistical differ-
ences between two treatments were calculated at a prob-
ability level of 5%; a p value < 0.05 indicates a signif-
icant difference. The relative abundance of OTUs in
each sample was calculated, and the similarity between
two samples was calculated using the Bray-Curtis dis-
similarity coefficient. The LDA effect size was used to
identify the species that differed significantly in abun-
dance between sample treatments.

3 Results

3.1 Changes in the Cd, Fe, and Mn Contents in Rice

Rice samples were collected during the tillering period,
and there was no significant difference in the shoot
biomass or plant height between the three treatments
(CK, Fe800, and Mn800 (p > 0.05) (Table 2). The Cd
content in different rice parts was significantly lower in
the Fe800 and Mn800 treatments than in the CK treat-
ment (Fig. 1). The root Cd content in the Fe800 and
Mn800 treatments was 49.48% and 47.94% lower
(p < 0.05), respectively, with respect to the CK treat-
ment, while the corresponding shoot Cd content was
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25.33% and 60.67% lower (p < 0.05), respectively.
Compared with the Fe-addition treatment Fe800, the
Mn-addition treatment Mn800 led to significantly lower
shoot Cd content, i.e., a reduction of 47.32% (p < 0.05).

The root Mn content in the Mn800 treatment was
1.093% higher compared with the CK treatment
(p < 0.05). The Mn800 treatment led to a 619% and
773.2% higher root Mn content compared with the CK
and Fe800 treatments (p < 0.05), respectively. There
was no significant difference in the root Fe content or
shoot Fe content among the three treatments (p > 0.05).

3.2 Formation of Root Fe/Mn Plaque and Change
in the Cd Content

Measurements of the change in the metal content on the
root surface indicated that the Fe800 and Mn800 treat-
ments enhanced the formation of Fe/Mn plaque on the
root surface (Table 3) compared with the CK treatment,
with the Fe content in the plaque increasing significantly
by 75.7% and 20.44%, respectively (p < 0.05). The Fe
content in the root Fe plaque was 39.77% higher in the
Fe800 treatment than in theMn800 treatment (p < 0.05).
The Mn content in the root Fe/Mn plaque was signifi-
cantly higher in theMn800 treatment than in the CK and
Fe800 treatments, showing an increase of 1.150% and
1.462%, respectively (p < 0.05).

The change in the Cd content in the Fe/Mn plaque on
rice roots is shown in Table 3. The Cd content in the
Fe800 and Mn800 treatments was 61.01% and 61.37%
lower (p < 0.05), respectively, compared with the CK
treatment. There was no significant difference in the Cd
content between the Fe800 and Mn800 treatments
(p > 0.05).

3.3 Changes of the Speciation and Fe, Mn, and Cd
Contents in Soils

To evaluate the effect of Mn on the contents of metals in
the rhizosphere and non-rhizosphere soils, the contents
of different speciation forms of Fe, Mn, and Cd in the
two types of soils were detected. Changes in the Fe (II)
and Fe oxide contents in the rhizosphere and non-
rhizosphere soils are shown in Table 4. In all treatments,
the Fe (II) content was significantly higher in the rhizo-
sphere soil than in the non-rhizosphere soil. Compared
with the CK treatment, the Fe (II) content in the rhizo-
sphere and non-rhizosphere soils was significantly
higher in the Fe800 treatment, by 55.77% and 49.72%,
respectively (p < 0.05). Compared with the CK treat-
ment, the Fe (II) content in the rhizosphere and non-
rhizosphere soils in the Mn800 treatment was signifi-
cantly lower, by 18.58% and 9.94%, respectively
(p < 0.05). In all treatments, the contents of free Fe
oxides, amorphous Fe oxides, and organic complexes
Fe in the rhizosphere soil were higher than their coun-
terparts in the non-rhizosphere soil. Compared with the
CK treatment, the contents of amorphous Fe oxides in
the rhizosphere and non-rhizosphere soils in the Fe800
treatment were significantly higher by 25.18% and
26.96%, respectively (p < 0.05); in addition, the content
of organic complexes Fe in the rhizosphere soil was
significantly higher in the Fe800 treatment, by 6.76%
(p < 0.05). The Mn800 treatment led to a significant
increase of 3.72% in the content of amorphous Fe ox-
ides in the rhizosphere soil compared with the CK
treatment, but a significant decrease of 12.12% in the
content of organic complexes Fe (p < 0.05).

The changes in the contents ofMn (II) andMn oxides
in the rhizosphere and non-rhizosphere soils are shown
in Table 5. Compared with the CK treatment, theMn800
treatment led to a significantly higher Mn (II) content in
the rhizosphere and non-rhizosphere soils, respectively.
Similarly, a significant increase of 1.522% and 1.585%
for freeMn oxides, by 2.431% and 2.788%, a significant
increase of 2.349% and 2.441% for amorphous Mn
oxides, and a significant increase of 256% and 272%
for organic complexes Mn (p < 0.05 for all) occurred in
the rhizosphere and non-rhizosphere soils, respectively,
by Mn800 treatments. In the Fe800 treatment, the con-
tents of organic complexes Mn in the rhizosphere and
non-rhizosphere soils increased by 35.81% and 34.18%,
respectively (p < 0.05).

Table 2 The rice growth with different treatments

Treatment Aboveground part dry weight
(g·plant−1)

Height (cm)

CK 3.01 ± 0.54a 74.25 ± 1.71a

Mn800 3.01 ± 0.55a 73.75 ± 2.22a

Fe800 2.76 ± 0.42a 72.75 ± 2.63a

Different letters within the same column indicate significant dif-
ference among treatments at p < 0.05. Date are presented as mean
± SD (n = 4)
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The relative abundances of different speciation forms
of Cd in the rhizosphere and non-rhizosphere soils are
shown in Fig. 2. In all treatments, the content of ex-
changeable Cd in the rhizosphere soil was significantly
higher than that in the non-rhizosphere soil (p < 0.05);
the content of Cd bound to Fe/Mn oxides in the rhizo-
sphere soil was significantly lower than that in the non-
rhizosphere soil (p < 0.05). Compared with the CK treat-
ment, the contents of carbonate-bound Cd in the rhizo-
sphere and non-rhizosphere soils was significantly low-
er in the Fe800 treatment, by 9.04% and 10.16%, re-
spectively. Similarly, the contents of carbonate-bound
Cd in the rhizosphere and non-rhizosphere soils were
significantly lower in the Mn800 treatments, by 11.26%
and 13.92%, respectively (p < 0.05). In contrast, the
content of Cd bound to Fe/Mn oxides in the rhizosphere
soil increased significantly by 9.34% and 7.27% in the
Fe800 and Mn800 treatments, respectively (p < 0.05),
relative to the CK treatment. Compared with the CK
treatment, the content of Cd bound to Fe/Mn oxides in
the non-rhizosphere soil was significantly higher, by
6.20% (p < 0.05), in the Fe800 treatment.

Figure 3 shows the content of Cd bound to amor-
phous Fe/Mn oxides in the soil. Compared with the CK

treatment, the content of Cd bound to amorphous Fe/Mn
oxides was 7.61% and 7.73% higher in the rhizosphere
soil of the Fe800 and Mn800 treatments, respectively
(p < 0.05), and 8.55% and 8.66% higher in the non-
rhizosphere soil (p < 0.05). There was no significant
difference in the content of each form of Cd between
the Fe800 and Mn800 treatments (Figs. 1 and 2).

The rhizosphere and non-rhizosphere soil pH values
are shown in Table 6, which indicates that the former
soil had significantly lower pH than the latter (p < 0.05).
Compared with the CK treatment, the pH of the rhizo-
sphere soil in the Fe800 and Mn800 treatments was
significantly lower, by 0.22 and 0.27, respectively
(p < 0.05), while the pH in the non-rhizosphere soils
was 0.12 and 0.26 lower, respectively (p < 0.05).

3.4 Changes in the Abundance of Soil FeOB andMnOB

High-throughput analysis revealed the microbial com-
munity compositions after each treatment, as shown in
Fig. 4 (relative abundance > 1%). Principal coordinate
analysis (PCoA) was used to analyze the similarities and
dissimilarities in microbial community compositions
among the CK, Fe800, andMn800 treatments, revealing
that the soil microbial community compositions in the
treatments with Fe (II) and Mn (II) were significantly
different from the communities in the CK treatment.
However, there was no significant difference in the
microbial community composition between the rhizo-
sphere and non-rhizosphere soils for a particular treat-
ment (Fig. 5). Compared with the CK treatment, the
abundance of Thiobacillus bacteria, which are 99%
similar to the FeOB Thiobacillus denitrificans
(NC007404) in sequences, was significantly higher in
the non-rhizosphere soil in the Mn800 treatment. The

Fig. 1 The Cd, Fe, and Mn concentrations in different organs of rice in CK, Fe800, and Mn800 treatments

Table 3 Metals concentration in root DCB extracts of rice

Treatment Cd (mg·kg−1DW) Fe(g·kg−1DW) Mn (g·kg−1DW)

CK 2.77 ± 0.36a 56.8 ± 6.7c 0.30 ± 0.06b

Fe800 1.08 ± 0.44b 99.8 ± 5.5a 0.24 ± 0.04b

Mn800 1.07 ± 0.20b 71.4 ± 2.6b 3.75 ± 0.43a

Different letters within the same column indicate significant dif-
ference among treatments at p < 0.05. Date are presented as mean
± SD (n = 4)
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abundance of Oxalobacteraceae bacteria, which is 99%
similar to the MnOB Oxalobacteraceae bacterium
AB_7 (JQ033387) in sequences, was significantly
higher in the non-rhizosphere soil in the Mn800 treat-
ment. Lastly, the abundance of Pedomicrobium bacteria,
which are 97% similar to the MnOB Pedomicrobium
manganicum ATCC33121(GU269549) in sequences,
was significantly higher in the rhizosphere soil in this
treatment. There was no significant increase in FeOB
abundance in the soil in the Fe800 treatment.

4 Discussion

Fe oxides are important active minerals in soils and can
adsorb heavy metals due to their large surface area and
chemical activity (Hall et al. 1996; Bolton and Evans
1996). Fe oxides in paddy soils are activated under
flooding conditions and undergo a transformation from
crystalline Fe to amorphous Fe, and further to ionic Fe
(Tack et al. 2006). The trace metal system cycles that are
required by most plants are related to the activity of
rhizosphere soil microbes (Hawkes et al. 2007). Under
flooding conditions, micro-aerobic/anaerobic FeOB
dominate the Fe oxidation process in soils (Byrne et al.
2015). We attempted to identify the potential FeOB and
MnOB based on comparing sequences of soil samples
with sequences of known FeOB and MnOB reported in
previous studies (Emerson et al. 2010; Hedrich et al.
2011; Liu et al. 2018). This study showed that the
addition of Mn (II) reduced the Fe (II) content in soils
and increased the abundance of FeOB in the non-
rhizosphere soil, thereby accelerating the Fe oxidation
process in soils and forming more amorphous Fe oxides
(Table 4). However, the addition of Fe (II) had no
significant effect on the abundance of FeOB in soils.

An increase in the Fe oxide content may provide more
adsorption sites and accelerate the immobilization of
heavy metal ions. The addition of Mn (II) increased
the abundance of FeOB in the non-rhizosphere soil but
had no significant effect on the abundance of FeOB in
the rhizosphere soil, which may be attributed to the fact
that ROL had a greater effect than Mn (II) on FeOB
abundance. The addition of Mn (II) activates MnOB in
soils to generate different speciation forms of Mn ox-
ides, which have a strong adsorption capability for
heavy metals such as Cd, Cu, and Pb (Xu et al. 2015).

The migration and transformation of Cd in soils
mainly refer to the transfer of spatial position and the
change of speciation forms. Specifically, Cd is bound to
soil colloids through ion-exchange adsorption or
complexation-chelation or undergoes dissolution and
precipitation reactions. The impact or toxic effect of
heavy metals on the environment and organisms is
largely determined by the speciation forms of heavy
metals (Kot and Namiesnik 2000). Tessier et al. (1979)
classified the speciation forms of heavy metals in soils
as exchangeable metals, carbonate-bound metals, Fe/
Mn oxide-bound metals, organic matter/sulfide-bound
metals, and residual metals, with the former two forms
having a poor stability and being prone to release into
the environment. Amorphous Fe oxides have a larger
specific surface area than crystalline Fe oxides and
therefore adsorb more Cd (Randall et al. 1999; Tack
et al. 2006). Li et al. (2004) pointed out that Fe/Mn
oxides undergo complexation reactions and selective
ion-exchange reactions with Cd, which promotes the
transformation of weakly acidic, soluble Cd to reduc-
ible, oxidizable, and residual Cd, thereby controlling the
migration, transformation, and enrichment of Cd in
soils. In this study, the addition of Fe (II) or Mn (II) to
the soils increased the content of amorphous Fe oxides

Table 4 Soil iron and iron oxides in rhizosphere (R) and non-rhizosphere (N) soils

Treatment Soil Fe (II) (g·kg−1) Free Fe Oxide(g·kg−1) Amorphous Fe Oxide
(g·kg−1)

Organic complexes Fe
(g·kg−1)

Rhizosphere Non-
rhizosphere

Rhizosphere Non-
rhizosphere

Rhizosphere Non-
rhizosphere

Rhizosphere Non-
rhizosphere

CK 1.56 ± 0.01b 1.81 ± 0.06b 14.19 ± 0.48ab 13.37 ± 0.35b 4.03 ± 0.06c 3.82 ± 0.04b 1.48 ± 0.06b 1.37 ± 0.06a

Fe800 2.43 ± 0.10a 2.71 ± 0.07a 14.68 ± 0.36a 14.53 ± 0.24a 5.17 ± 0.20a 4.85 ± 0.09a 1.58 ± 0.07a 1.37 ± 0.02a

Mn800 1.27 ± 0.04c 1.63 ± 0.08c 13.92 ± 0.56b 13.48 ± 0.16b 4.18 ± 0.06b 3.88 ± 0.15b 1.32 ± 0.07c 1.29 ± 0.12a

Different letters within the same column indicate significant difference among treatments at p < 0.05. Date are presented as mean ± SD (n =
4)
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(the addition of Mn (II) also promoted the formation of
Mn oxides) (Tables 4 and 5), which promoted the trans-
formation of carbonate-bound Cd to Fe/Mn oxide-
bound Cd in the soil (Fig. 2), thus increasing the content
of Cd bound to amorphous Fe/Mn oxides (Fig. 3). In
addition, the content of Fe/Mn oxide-bound Cd in the
rhizosphere soil increased significantly. Fe/Mn oxide-
bound heavy metals are considered negatively correlat-
ed with metal assimilation efficiency (AE = ingestion-
excretion-egestion); thus, the bioavailability of Cd was
greatly reduced (Baumann and Fisher 2011). The
change of Cd speciation forms leads to a significant
reduction in the mobility and bioavailability of Cd,
which inhibits the uptake of soil Cd by rice, thereby
reducing the accumulation of Cd in rice roots.

The roots of rice and other aquatic plants are typically
covered with a layer of Fe oxides called root Fe plaque
(Otte et al. 1989; Fu et al. 2016). Root Fe plaque is
mainly composed of ferrihydrite, goethite, and
lepidocrokite (Kuo 1986). The micro-aerobic environ-
ment formed by ROL provides favorable conditions for
micro-aerobic FeOB, and as a result, the Fe (II) gener-
ated under anaerobic conditions forms the root Fe
plaque around the rhizosphere, with Fe as the major
plaque component (Wu et al. 2012; Yang et al. 2014;
Xu and Yu 2013; Hansel et al. 2002). This study showed
that Fe (II) and Mn (II) promoted the oxidative precip-
itation of Fe and Mn on the root surface of rice. The
addition of Mn (II) increased both Fe and Mn contents
in the root Fe plaque, while the addition of Fe (II)
increased the Fe content in the root Fe plaque
(Table 3). The content of Cd in the root Fe/Mn plaque
in the Mn800 and Fe800 treatments was significantly
lower than that in the CK treatment (Fig. 1). This was
likely because the addition of Fe (II) and Mn (II) accel-
erated the formation of Fe/Mn oxides in the soil,
resulting in more Cd being adsorbed by Fe/Mn oxides
in the soil and less Cd being able to reach the surface of
the root Fe plaque (Fig. 3).

Root Fe plaque of rice plays an important role in
Cd migration, transformation, and bioavailability
(Chen et al. 2008; Chen et al. 2014). Studies have
shown that root Fe plaque can decrease the activity
of the heavy metals Cd, Zn, and As by adsorbing
and immobilizing these metals in the rhizosphere of
rice, which inhibits rice uptake of these metals
(Yang et al. 2014; Sebastian and Prasad 2016; Fu
et al. 2018). Cheng et al. (2014) found that root Fe
plaque inhibited the migration of heavy metals PbT
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and Cd in rice plant tissues. Liu et al. (2008) found
that the Fe content in roots and the root Fe plaque
increased with an increase in the concentration of
exogenous Fe, and that the increase in root Fe
plaque inhibited the uptake of Cd by rice and
decreased the Cd content in rice roots. After the
addition of Mn (II) and Fe (II) in this study, most

of the Cd was bound to soil Fe/Mn oxides and the
root Fe/Mn plaque increased, which reduced the
migration of Cd from the roots to the shoots, there-
by reducing the shoot Cd content (Fig. 1). When
plants absorb trace elements, Cd2+ can be
transported through the low-specificity carrier pro-
teins and ion channels that are located on the plant

CK-N CK-R Fe800-N Fe800-R Mn800-NMn800-R

 Exchangeable fractions

 Bound to carbonates fractions

 Fe/Mn oxides  bound fractions

 Organic-bound fractions

 Residual phase

)
%(e

gat
necre

P

Fig. 2 Percentages of Cd fractions in rhizosphere and non-rhizosphere soils. R and N represent rhizosphere soil and non-rhizosphere soil,
respectively

CK-N CK-R Fe800-N Fe800-R Mn800-N Mn800-R
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Fig. 3 The concentration of Cd
bound to amorphous Fe/Mn oxide
in rhizosphere and non-
rhizosphere soil. R and N repre-
sent rhizosphere soil and non-
rhizosphere soil, respectively
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cell membranes, resulting in the transport of Mn2+

and Ca2+ (Tong and Guo 2007; Pittman 2005; Pinto

and Ferreira 2015; Yue et al. 2017). This study
showed that the addition of Mn (II) was more
effective than the addition of Fe (II) in reducing
the Cd content in rice roots (Table 2). This occurs
because the addition of exogenous Mn (II) in-
creases the root Mn content (Fig. 1), and Mn2+

antagonizes Cd2+ by preferentially binding carrier
proteins and channel proteins on cell membranes.
This process inhibits the transmembrane transport
of Cd2+, reducing the Cd2+ content in the root cell
cytosol and the amount of Cd2+ transported to the
shoots, which alleviates the physiological toxicity
of Cd and reduces its accumulation in the plants.

Table 6 The pH of rhizosphere and non-rhizosphere soils

Treatments Soil pH

Rhizosphere Non-rhizosphere

CK 6.70 ± 0.07a 6.82 ± 0.03a

Fe800 6.48 ± 0.08b 6.70 ± 0.08b

Mn800 6.43 ± 0.13b 6.64 ± 0.09b

Different letters within the same column indicate significant dif-
ference among treatments at p < 0.05. Date are presented as mean
± SD (n = 4)

Fig. 4 Relative abundance of
16S rRNA defined taxa in CK,
Fe800, and Mn800 treatments. R
and N represent rhizosphere soil
and non-rhizosphere soil,
respectively
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5 Conclusion

The amount of soil oxides affects the content of Cd in
rice. By controlling the forms and contents of metal
oxides in soils, it is possible to effectively inhibit the
absorption and accumulation of Cd in rice. In this study,
Mn (II) was added to soil to promote the growth of
FeOB and the oxidative precipitation of Fe in order to
accelerate the formation of amorphous Fe oxides in soils
as well as the formation of Fe/Mn oxide plaque on the
root surface of rice. The increase in the Fe oxide content
effectively reduced the mobility of Cd in the soil, and
the majority of the Cd was bound in the soil. Further, the
formation of root Fe/Mn oxide plaque in the rhizosphere
effectively inhibited rice uptake of soil Cd and reduced
the Cd content in the rice roots, thereby effectively
inhibiting Cd transport to the rice shoots.
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