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Abstract—A pot microcosm experiment was conducted to investigate the effect of different forms of N fertilizers on As uptake
by rice. Compared to a nontreated control, addition of nitrate reduced Fe(II) concentration in soil solution, while treatment with
ammonium enhanced Fe(III) reduction, probably coupled to oxidation in the nonrhizosphere. Most-probable-number (MPN)�NH4

enumerations revealed high densities of nitrate-dependent Fe(II)-oxidizing microorganisms. The addition of nitrate decreased Fe
plaque formation on the root surface, accompanied by much lower dissolved Fe(II) concentrations in the rhizosphere soil solution
compared to the nonamended control. Nitrate addition also reduced As uptake by the rice plant. These results suggest that nitrate
may inhibit Fe(III) reduction and/or stimulate nitrate-dependent Fe(II) oxidation, leading to As coprecipitation with, or adsorption
to, Fe(III) minerals in the soil. Although Fe plaque formation on the root surface is reduced, nitrate-dependent stimulation of Fe(II)
oxidation and/or inhibition of Fe(III) reduction in the bulk soil sequesters mobile As in the soil, resulting in reduced As uptake by
rice.
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INTRODUCTION

Arsenic is a toxic metalloid widely distributed in the earth’s
crust, most notably in the groundwater of southeast Asia,
where water from tube wells is often used for irrigating rice
fields. Intensive use of water from these As-contaminated aqui-
fers has led to an As buildup in paddy soils and resulted in
10-fold elevated As levels in rice grains [1]. Therefore, the
transfer of As in soil–rice systems can amplify the risk of As
to people living in those regions [2].

Arsenic accumulation in rice is controlled by an array of
factors, including bioavailability, rhizosphere processes, and
metabolism in rice plants. Arsenic chemistry in paddy soils is
extremely complex, because soils are subject to frequent redox
cycles in both time and space. Iron cycling is believed to be
an important factor in regulating As bioavailability [3–5]. Un-
der flooding conditions, As is released following Fe(III) re-
duction when O2 in paddy soils is consumed rapidly by aerobic
bacteria and by chemical oxidation processes. Nitrate is the
first alternative electron acceptor in the anoxic region [6,7],
and Fe(III) reduction can be inhibited by denitrification
through biotic and abiotic processes [7]. Therefore, the ad-
dition of nitrate to a paddy may inhibit the release of As into
soil solution.

The oxidation of Fe(II) back into Fe(III) will influence the
bioavailability of As through coprecipitation and/or adsorption
to Fe(III) minerals. Compared with abiotic Fe(II) oxidation by
oxygen, chemical oxidation of Fe(II) by nitrate is slow in the
absence of a catalyst (dissolved Cu) [8]. The potential for biotic
Fe(II) oxidation under anoxic conditions has been suggested
by the discovery of nitrate-dependent, Fe-oxidizing bacteria
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[9–11]. Nitrate-dependent Fe(II) oxidizers are widespread in
different habitats, such as freshwater sediments [12–14], sew-
age sludge systems [15,16], and paddy soils [17,18]. In ad-
dition, some known denitrifying bacteria were found to oxidize
Fe(II) simultaneously [13,14,19]. The ubiquity of nitrate-de-
pendent Fe(II) oxidation in the environment suggests that the
bacteria may play an important role in the redox cycle of Fe
and N in these habitats. Microbially catalyzed, anaerobic Fe(II)
oxidation represents a biological mechanism promoting the
reoxidation of Fe(II) in anoxic environments [10], potentially
contributing to a dynamic, microbially mediated, anoxic Fe
redox cycle [11]. Nitrate-dependent Fe(II) oxidation can sig-
nificantly influence soil and sediment mineralogy and geo-
chemistry. The precipitation of biogenic Fe(III) oxides pro-
vides a mechanism for the immobilization of heavy metals and
metalloids through coprecipitation or physical envelopment
and provides a reactive surface with an adsorptive affinity for
anions (e.g., ) and cations (e.g., Zn2�) [20,21]. Senn and3�PO4

Hemond [22] demonstrated that nitrate strongly influences As
cycling under anoxic conditions in an urban lake by oxidizing
Fe(II) to produce As-sorbing, particulate, hydrous ferric ox-
ides. Although the potential for biotic, nitrate-dependent Fe(II)
oxidation in paddy soil has been demonstrated [8], the con-
sequences of Fe oxidation for the fate of As are not understood
at all.

Furthermore, in the rhizosphere, Fe(II) can be oxidized,
resulting in the rust-colored precipitate of Fe oxides on the
root surface (Fe plaque). Iron plaque has been shown to consist
mainly of poorly crystalline Fe(III) minerals and to affect the
distribution of P, As, and some heavy metals [23–28]. Liu et
al. [29] suggested that As can be sequestered in Fe plaque on
root surfaces of rice plants. Those authors also found that the
extent of Fe plaque formation was governed by P status and
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Fig. 1. Scheme of the experimental setup. Distinct compartments of
rhizosphere (inside the root bag) and nonrhizosphere (outside of the
root bag) separated by the root bag and rhizo-samplers (polyvinyl
chloride tubes) with filters (mesh size, 0.45 �m) were embedded in
soil at the same depth for extracting the soil solutions.

that plaque formation decreased the uptake of As into rice. It
has been suggested that Fe(II) oxidization in the rhizosphere
and the subsequent formation of Fe plaque on the root surface
mainly result from the chemical oxidation of Fe(II). Although
it also has been reported that the interstitial space between the
plaque and the root surface often are colonized by microor-
ganisms [30,31], the role of the microbial oxidation of Fe(II)
in the formation of Fe plaque and the biogeochemistry of As
in the rhizosphere is still unclear.

The previously mentioned studies all indicate that a tight
coupling between N, Fe, and As may exist in the paddy soil–
rice system and that addition of N may affect the fate of As
in the system. The present study was undertaken to assess the
impact of N addition on Fe and As chemistry in soil solution,
Fe plaque formation, and As accumulation by rice. We hy-
pothesize that nitrate-dependent, Fe(II)-oxidizing bacteria are
abundant in the paddy soil and that addition of stimulates�NO3

Fe(II) oxidation coupled to the reduction of and, thus,�NO3

indirectly affects Fe plaque formation and As geochemistry.
The objectives of the present study therefore were to inves-
tigate the release of dissolved Fe(II) on N addition, to quantify
the distribution and speciation of As in paddy soil solutions,
to determine whether As accumulated in the Fe plaque is im-
pacted by the addition of different forms of N, and to elucidate
if As accumulation in rice plants is altered by the addition of
different forms of N.

MATERIALS AND METHODS

Pot experiment

The paddy soil was obtained from a field contaminated with
As (84.92 mg/kg soil) in close vicinity to a Pb/Zn mine at
Shangyu (Zhejiang, China). The As concentration here is sig-
nificantly higher than As concentrations typically found in
paddy soils of southeast Asian countries (India and Bangla-
desh), where As concentrations in soil can be as much as 80
mg/kg after irrigation with contaminated water [32]. Before
the experiment, the soil was air-dried and sieved through a
2-mm mesh. Plants were allowed to grow with three different
fertilizer treatments: Untreated soil (control), addition of
KNO3, and addition of NH4Cl and KCl to compensate for
addition of K. Nitrogen (either 1 mM/kg soil nitrate or am-
monium) was added every week. To evaluate the influence of
the rice plant on rice paddy soil geochemistry, control exper-
iments with sterilized (8 kGy of 60Co gamma-ray irradiation)
or nonsterilized soils without rice were amended with fertil-
izers as described before.

Rice seeds (Oryza sativa L) cv. Jiahua-1 were disinfected
in a 30% H2O2 (w/w) solution for 10 min, followed by thorough
washing with deionized water. The seeds were germinated in
moist perlite. After three weeks, uniform seedlings were se-
lected and transplanted into bags (nylon mesh size, 37 �m;
diameter, 7.5 cm; height, 10 cm; n � 1 plant/bag) filled with
0.2 kg of sieved soil. The bags were placed in the center of
1.5-kg pots, and the gap between the nylon bag and the poly-
vinyl chloride (PVC) pot was filled with 0.8 kg of soil. This
allowed separation of a root/rhizosphere compartment from a
soil compartment. A rhizo-sampler (PVC tube; Rhizon Soil
Moisture Samplers; Rhizosphere Research Products, Wagen-
ingen, The Netherlands) with a filter (mesh size, 0.45 �m) at
one side and a syringe connected at the other side is a non-
destructive, simultaneous, sequential, convenient, and rapid
sampling tool for soil pore-water extraction and provides an
in situ monitoring technique [33]. Two rhizo-samplers were

embedded in and out of the bag, respectively, at the same
depth for each pot. To inhibit N2 fixation by cyanobacteria,
the top of the pot was covered by black nylon with a gap to
allow the rice to grow.

After being transplanted into the PVC pot, the rice plants
were grown for five weeks in a greenhouse with a 10:14-h
light:dark photoperiod. The temperature was kept at 25�C dur-
ing the day and 16�C during the night, with a relative humidity
of 70%.

Analysis of Fe/As species in soil solutions

For the determination of nitrate, total As (As(tot)), Fe(II),
and Fe(III), the soil solution samples were extracted by syrin-
ges through the PVC tubes every 2 d (Fig. 1). Inorganic As
species were analyzed once a week. Nitrate was determined
by ion chromatography (As14 column, Dionnex 600; Dionex,
Sunnyvale, CA, USA). On extraction with syringes through
the PVC tubes, soil solution was acidified by HCl (1 mM) to
inhibit Fe(II) oxidation during storage (usually 2–4 h before
analysis). The total Fe and Fe(II) concentrations were analyzed
according to the method described by Ratering and Schnell
[18]. Total As was quantified by an atomic fluorescent pho-
tometer (AF-610A; Beijing Ruili Analysis Instrument, Beijing,
China). Arsenic species in the acidified soil solution were sep-
arated using As speciation cartridges obtained from X.G. Meng
(Stevens Institute of Technology, Hoboken, NJ, USA) [34] that
removed arsenate and did not adsorb arsenite. The difference
between the As(tot) concentrations in the raw soil solution and
the As(III) concentration in the filtered soil solution through
the cartridges was identified as the concentration of As(V) in
the soil solution.

Extraction and determination of Fe plaque from roots

At harvest, roots were washed gently with tap water to
remove any soil particles adhering to the root surface and then
excised at the basal node. The fresh root materials were in-
cubated for 30 min at room temperature (20–25�C) in 30 ml
of dithionite citrate bicarbonate (DCB) solution containing
0.03 M sodium citrate (Na3C6H5O7·2H2O) and 0.125 M sodium
bicarbonate (NaHCO3), with the addition of 0.5 g of sodium
dithionite (Na2S2O4) [35,36]. Roots were rinsed three times
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Fig. 2. Dissolved Fe(II) concentrations in extracted nonrhizosphere
(A) and rhizosphere (B) soil solution. Error bars represent standard
errors (mean of four replicates). —�— � control; —�— � KNO3;
—�— � NH4CI).

with deionized water, and the washing solutions were added
to the DCB extracts. The resulting solution was filled up to
50 ml with deionized water [29]. After DCB extraction, roots
and shoots were oven-dried at 70�C for 3 d and then weighed.
The concentrations of total Fe and P in the DCB extracts were
measured by an inductively coupled plasma–optical emission
spectrometer (Optima 2000 DV; PerkinElmer, Waltham, MA,
USA), and As was analyzed by an atomic fluorescent photom-
eter.

Abundance of nitrate-dependent, Fe-oxidizing bacteria

Nitrate-dependent, Fe-oxidizing microorganisms were enu-
merated using the most-probable-number (MPN) method as
described by Ratering and Schnell [18]. To detach the bacteria
from the soil particles, the nonrhizosphere and rhizosphere soil
was diluted (1:100) and incubated in 2 mM sodium pyro-
phosphate with glass beads and then shaken for 1 h. Triplicate
glass tubes containing defined sterile, anaerobic, bicarbonate-
buffered (30 mM, pH 7.0) mineral medium [37], amended with
2 mM acetate, 4 mM nitrate, and 2 mM ferrous sulfate from
sterile anaerobic stock solutions, were inoculated with a se-
rially diluted soil–water mixture ranging from 10�3 to 10�8.
The tubes were incubated statically in the dark at 30�C for 10
weeks. The formation of orange precipitates indicated the ox-
idation of Fe(II) and the presence of nitrate-dependent, Fe(II)-
oxidizing microorganisms. A subset of positive tubes was ex-
amined microscopically to confirm cell growth. The MPN es-
timates were obtained using the Most Probable Number Cal-
culator� (Ver 4.05; U.S. Environmental Protection Agency,
Cincinnati, OH) (http://www.epa.gov/nerlcwww/other.htm).

Data analysis

All data were subjected to analysis of variance using SPSS�
software (Ver 11.0; SPSS, Chicago, IL, USA).

RESULTS

Plant biomass

Shoot and root dry weights of rice with different N treat-
ments were 0.51 � 0.04 and 0.13 � 0.01 g, respectively, with
four replicates of each treatment. No significant differences
were found between treatments (data not shown).

Effect of on Fe and As concentrations in soil solution�NO3

In the nonrhizosphere soil, for each treatment (nonamended,
nitrate-amended, and ammonium-amended soil) the concen-
trations and the changing trend of Fe(II) over time are shown
in Figure 2A. No dissolved Fe(III) was detectable in all treat-
ments (data not shown). Whereas Fe(II) concentrations in the
treatment with nitrate were in the same concentration range
as that in the control, the ammonium-amended soils showed
significantly higher values for Fe(II). The changes in Fe(II)
concentration in the nonrhizosphere soil solution over time
can be divided into three phases: An increasing phase (�10
d), an invariable phase (11–21 d), and a phase with decreasing
Fe(II) and total Fe concentrations (22–34 d).

Dissolved Fe(II) concentrations over time in the rhizosphere
soil solution are shown in Figure 2B. In contrast to the non-
rhizosphere soil solution, in the rhizosphere the Fe(II) con-
centrations in soil solution in the treatment with ammonia were
similar to those in the control, and significantly lower values
were observed in the treatment with nitrate. There also seemed
to be an increasing phase (�10 d), an invariable phase (11–

16 d), and a phase with decreasing dissolved Fe(II) concen-
trations (	16 d).

The dissolved As(tot) concentrations in nonrhizosphere soil
solution increased in the initial phase regardless of N amend-
ments (Fig. 3). Dissolved As(tot) concentrations in soil so-
lution with ammonia amendment was slightly higher than those
in other treatments in the initial phase (�16 d) and decreased
constantly thereafter. Dissolved As(tot) concentrations in non-
rhizosphere soil solutions in the treatment with nitrate fluc-
tuated over the experimental period. Dissolved As(III) con-
centrations in nonrhizosphere soil solution of the control were
nearly constant during the experimental period (Fig. 3C). In
the treatment with nitrate, dissolved As(III) concentration in
nonrhizosphere soil solution increased first (�17 d), then de-
creased fast in the treatment with nitrate, which followed the
same pattern as that of dissolved As(tot).

In rhizosphere soil solutions, the dissolved As(tot) concen-
trations also increased in the first phase (�11 d), then de-
creased constantly in the treatment with nitrate (Fig. 3). Dis-
solved As(tot) concentrations in rhizosphere soil solution in
the treatment with nitrate amendment decreased faster and
were much lower than those in the control and ammonia treat-
ment during the last week (28–34 d). Furthermore, dissolved
As(III) concentrations in rhizosphere soil solution with nitrate
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Fig. 3. Total As and As(III) concentrations in extracted nonrhizosphere (A and C) and rhizosphere (B and D) soil solution. Error bars represent
standard errors (mean of four replicates). —�— � control; —�— � KNO3; —�— � NH4CI.

Fig. 4. Fe, P, and As concentrations in the dithionite citrate bicarbonate
solution from the rice roots. Error bars represent standard errors (mean
of four replicates). � � Fe; □ � As; c � P.

amendment was constant before 17 d and then decreased quick-
ly.

Effect of on Fe plaque formation�NO3

Irrespective of N treatments, rice roots at harvest showed
reddish-brown coatings, a color suggesting the presence of Fe
oxides. The amount of Fe plaque was significantly lower
(
50%) on roots in the treatment with nitrate addition as com-
pared to the amount on roots in the control and ammonia
treatment that showed comparable amounts of Fe precipitated
on the root surface (Fig. 4).

The amount of P and As adsorbed to the plaque increased
significantly with the amounts of plaque (Fig. 4). Phosphorus
and As concentrations in the DCB extracts of the roots fol-
lowed the pattern of Fe plaque, with less P and As in the
nitrate treatment than in the control and ammonia treatment.
Positive correlations were found between the P and As ab-
sorbed on the Fe plaque and the amount of Fe plaque (data
not shown).

P and As uptake by rice

Arsenic concentrations in rice roots and shoots showed a
clear correlation with the amount of Fe plaque, with higher
As concentrations in the root/shoot when the Fe plaque was
more abundant (Table 1). Arsenic uptake by rice in the treat-
ment with nitrate was significantly lower than that in the con-
trol (
40% in both root and shoot). Irrespective of N treat-
ments, P accumulation in the root did not show significant
differences between treatments, whereas P concentration in
shoots was significantly higher for the control than for N treat-
ments (Table 1).

MPN enumeration

Cell numbers of nitrate-dependent, Fe(II)-oxidizing micro-
organisms in nonrhizosphere and rhizosphere soils after nitrate
or ammonium amendments compared to nonamended soil are
shown in Table 2. The MPN enumerations revealed the pres-
ence of significant populations of Fe(II)-oxidizing, nitrate-re-
ducing bacteria (
104–106 cells/g dry wt) in the paddy soil.
Generally, the abundance of culturable, nitrate-dependent
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Table 1. Fe, As, and P distribution in root and shoot harvested after 34 da

Treatment

Shoot concentration (mg/kg dry wt)

Fe P As

Root concentration (mg/kg dry wt)

Fe P As

Control 197.6 � 12.7 A 2,138.4 � 102.7 A 2.4 � 0.1 AB 5,591.1 � 1,211.3 AB 685.6 � 27.2 A 73.0 � 6.3 A
KNO3 161.4 � 2.6 A 1,711.1 � 50.4 B 1.6 � 0.1 B 2,954.5 � 536.1 B 658.3 � 21.7 A 39.8 � 2.7 B
NH4Cl 208.3 � 31.2 A 1,889.5 � 55.1 B 2.6 � 0.2 A 9,900.3 � 2,236.9 A 605.2 � 54.2 A 82.1 � 13.5 A

a Values are presented as the mean � standard error (n � 4). Different uppercase letters indicate a significant difference (one-way analysis of
variance, p � 0.05) between the means of each treatment (control or N fertilizer) in rice plants (root and shoot).

Table 2. Most probable number (MPN) enumerations of nitrate-dependent, Fe (II)-oxidizing microorganisms in nonrhizosphere and rhizosphere
paddy soil after 34 da

Treatment

Nonrhizosphere (cells/g)

MPN 95% CI

Rhizosphere (cells/g)

MPN 95% CI

Control 1.1 � 106 3.0 � 105 to 4.3 � 106 2.0 � 105 5.9 � 104 to 7.1 � 105

KNO3 2.0 � 106 5.9 � 105 to 7.1 � 106 1.5 � 105 4.1 � 103 to 5.2 � 105

NH4Cl 2.8 � 105 7.7 � 104 to 9.9 � 105 2.1 � 104 6.1 � 103 to 7.3 � 104

a CI � confidence interval.

Fe(II) oxidizers was approximately one order of magnitude
higher in the nonrhizosphere than in the rhizosphere irrespec-
tive of the treatment.

The MPN enumerations showed that nitrate amendment led
to a slight increase in the number of nitrate-depending, Fe(II)-
oxidizing microorganisms in the nonrhizosphere (from 1.1 �
106 to 2.0 � 106 cells/g dry wt), whereas in the rhizosphere,
the number decreased slightly. The paddy soil with the addition
of ammonia showed lower numbers of nitrate-dependent,
Fe(II)-oxidizing microorganisms in both the rhizosphere (2.1
� 104 cells/g dry wt) and nonrhizosphere (2.8 � 105 cells/g
dry wt) compared with the other two treatments.

DISCUSSION

Inhibition of Fe(III) reduction by nitrate addition

After flooding of the paddy fields, the soil largely becomes
anoxic, and the Fe(III) minerals get reduced. Our initial ex-
perimental data showed that less dissolved Fe(II) was released
over time from the sterilized soil compared with the nonster-
ilized soil, indicating an active biotic Fe transformation in the
nonsterilized soil (data not shown). In the present study, we
observed that after flooding, dissolved Fe(II) got released, and
as a consequence, the Fe(II) concentration in the soil solution
increased quickly during the first week after flooding. Dis-
solved Fe(II) concentrations in microcosms amended with ni-
trate, however, were much lower than those in the control and
ammonia treatment. Although the results of MPN enumeration
of nitrate-dependent Fe(II) oxidizers in the rhizosphere and
nonrhizosphere showed that nitrate addition did not stimulate
the proliferation of the bacteria substantially, the MPN results
still suggest both a high abundance of nitrate-dependent Fe(II)
oxidizers in the paddy soil and that microbial catalysis of the
nitrate-dependent Fe(II) oxidation was likely to occur in the
bulk soil. Evidence for nitrate-dependent Fe(II) oxidation in
paddy soil also recently was given by Matocha and Coyne
[38]. They demonstrated that both dissolved Fe(II) and oxalate-
extractable Fe(II) (the oxalate was used to extract Fe(II) min-
eral phases such as magnetite and siderite and poorly crys-
talline Fe(III) minerals and adsorbed Fe(II)) were not constant
during reduction but, rather, dropped below the level in�NO3

the corresponding control, indicating that Fe(II) was oxidized
during reduction and that nitrate inhibited Fe(II) pro-�NO3

duction. It is difficult to separate the contributions of micro-
bially catalyzed, anoxic Fe(II) oxidation by autotrophic or mix-
otrophic, -dependent Fe(II) oxidation from chemical re-�NO3

oxidation of Fe(II) by that is produced during concom-�NO2

itant reduction on the basis of our data. In the treatment�NO3

with ammonia, however, the first and rate-limiting step of the
nitrification process is the oxidation of the to and� �NH NO4 2

then to . The oxidation can occur only in the rhizosphere�NO3

and surface layer, and the produced was rapidly taken up�NO3

by the plants or used for microbial denitrification. Therefore,
no inhibition of Fe(III) reduction could occur in the nonrhi-
zosphere in the treatment with ammonia, as observed in the
present study (Fig. 2A). The difference in the profiles of dis-
solved Fe(II) in the soil solution with different N amendments
suggest three possible zones for Fe(II) oxidation in this pot
experiment: Rhizosphere, nonrhizosphere, and rice root sur-
face. Our data suggest that more Fe(II) oxidation occurred on
the root surface in the control and ammonia treatment than in
the amendment. After nitrate amendment, most Fe(II)�NO3

oxidation occurred in the nonrhizosphere. Other studies have
demonstrated that rice plants grown in flooded soil influence
the Fe profiles because of the diffusive release of oxygen from
the roots into rhizosphere soil [39]. Ferrous ion is subject to
spontaneous chemical oxidation by dissolved O2 at circum-
neutral pH in the rhizosphere, which results in Fe plaque on
the root surface. In our experiments, the reddish Fe plaque
was observed on the root surface irrespective of different N
amendments. The amount of Fe plaque deposited on the root
surface in the nitrate treatment, however, was much less com-
pared to that in the control and ammonia amendment, implying
another zone of Fe(II) oxidation in addition to the rhizosphere
and root surface. Liesack et al. [40] also observed a zone of
Fe oxidation, as indicated by high Fe(III) concentrations below
a soil depth of 3 mm, where oxygen is depleted and Fe oxi-
dation can occur only by oxygen-independent processes. In
this zone, the electron acceptor used for anaerobic microbial
Fe(II) oxidation could be nitrate. The present results further
strengthen the suggestion that nitrate-dependent Fe(II) oxidiz-
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ers are present in paddy soil, that Fe(II) oxidation coupled to
nitrate reduction occurs in nonrhizosphere soil, and subse-
quently, that less mobile Fe(II) can diffuse toward the root
surface and result in less Fe(III) minerals precipitating onto
the root surface.

Consequences of microbial Fe(II) oxidation for As and P

In the present study, with amendment the amounts of�NO3

Fe plaque formed at the root surface as well as of As and P
associated with the Fe plaque were much less than those in
the control and ammonium-amended setups. This could be
ascribed to the decrease in dissolved Fe(II) in the soil solution
because of the microbially catalyzed Fe(II) oxidation in the
bulk soil stimulated by the addition of during the incu-�NO3

bation and/or inhibition of Fe(III) reduction by nitrate. When
Fe(II) is oxidized coupled to the reduction of , arsenate�NO3

is expected to efficiently associate with ferric Fe produced by
this reaction, because Fe (hydr)oxides retain both As(V) and
As(III) and, thus, often control As concentrations in soil so-
lution [41,42]. We expected (and observed in our experiments)
that Fe(II) oxidation to Fe(III) in the nonrhizosphere leads to
the coprecipitation of As, thus decreasing the concentrations
of Fe(II), As, and possibly, P in soil solution and, subsequently,
the mobility/bioavailability of As (and Fe(II)) in the soil. In
addition, the oxidized Fe compounds deposited on the root,
with chemical and physical properties similar to those of Fe
oxides in soil, also have a high capacity for binding P and As
[43]. The overall balance of Fe and As in soil solution and
those associated with Fe plaque/Fe oxides control the plant
uptake of P and As. The amount of As transported into the
shoot was only a small proportion (1.28–1.72 %) of the As(tot)
in Fe plaque and root, suggesting that Fe plaque at the roots
and Fe minerals precipitated in the bulk soil represent a major
As buffer in the soil–rice system [4,5]. In the ammonia treat-
ment, higher concentrations of dissolved Fe(II) resulted in
higher Fe plaque formation at the rice root, which is expected
to sequester As and to limit As uptake by the plant. The high
As uptake by plants that we observed probably resulted from
the presence of a much higher As concentration in soil solution,
diminishing the effect of Fe plaque. On the other hand, the
lower As uptake by the rice plants grown with nitrate amend-
ment probably resulted from a lower As concentration in soil
solution (because of As removal already in the bulk soil). In
this case, lower Fe plaque formation on the root, which also
limits As uptake, probably was less important for the lower
As uptake by the rice plant. These results suggested a way of
regulating the Fe plaque formation, possibly by stimulating
nitrate-dependent Fe(II) oxidation, which can finally influence
the As speciation in the natural environment and its mobility
and toxicity. This also was demonstrated in an urban lake
system by Senn and Hemond [22], who found that the anaer-
obic Fe-N redox cycling influenced the oxidation and copre-
cipitation of Fe(III) and As(V) in lake sediment. Here, we
show that the Fe-N cycling in paddy soil influenced Fe plaque
formation and, subsequently, As uptake by rice.

Fe-N redox cycling in paddy soil

Oxidation of Fe(II) coupled to nitrate reduction provided
the potential for a tight coupling between N and Fe redox
cycles in paddy soil. The addition of could inhibit Fe(III)�NO3

reduction and/or stimulate Fe(II) oxidation in the bulk soil,
thus reducing the transport of Fe(II) to the rhizosphere, leading
to less Fe plaque formation at the rice plant roots. In contrast,

the amendment of increased Fe(II) concentration in the�NH4

nonrhizosphere soil solution, and more Fe(II) diffused to the
rhizosphere, leading to more Fe plaque formation on the root
surface. This tight coupling between Fe and N may have prac-
tical implications. Nitrogen usually is supplied as urea to in-
crease rice growth yield; however, recent studies also show
that applying some -N to paddy soil may be beneficial to�NO3

rice growth [44]. In addition to the application of different
sources of N, abiotic and aerobic/anaerobic processes promote
the N cycling in a rice field. No substantial was detected�NO3

in the rhizosphere or nonrhizosphere soil solutions in our pot
experiments, indicating that was consumed rapidly. Some�NO3

studies have indicated high rates of coupled nitrification–de-
nitrification in the rhizosphere, and even higher rates of nitri-
fication should be expected at the surface of recently fertilized
soil [45]. Nitrification occurred in the oxic parts of the paddy
soil, such as the floodwater–soil interface and oxic rhizosphere,
and nitrate produced in these processes would diffuse to anoxic
soil. Reduction of in flooding soil is dominated by am-�NO3

monification and denitrification, which are inhibited by oxy-
gen, and generally occurred in the anoxic nonrhizosphere. Re-
cently, Clément et al. [46] measured an unexpected production
of both nitrite and ferrous Fe under strictly anoxic conditions
and, thus, hypothesized that a biological process uses ferric
Fe as an electron accepter while oxidizing ammonia to nitrite
for energy production. Therefore, a tight coupling of N and
Fe cycles is expected in flooded paddy soil. Nitrate and Fe(II)
may accumulate at the interface of oxic and anoxic zones (e.g.,
at the root surface) or after diffusion of the nitrate to anoxic
zones in O2-free areas. While in the anoxic zones, nitrate-
dependent Fe(II) oxidation can be catalyzed biotically, and the
rhizosphere is a site of unusually active microbial Fe cycling
[47]. In addition to the abiotic effect of nitrate on Fe redox
cycling, rapid Fe-N cycling in paddy soil also results from the
activity of microorganisms (e.g., Fe(III)-reducing bacteria cou-
pled to nitrification and nitrate-dependent, Fe(II)-oxidizing
bacteria) and rice root. Iron–nitrogen cycling in paddy soil has
the potential to influence As and Fe dynamics in paddy soil
and, subsequently, the uptake of As by rice. Further studies
regarding the functional groups of bacteria that are dominant
in this cycling are needed.
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