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Soil pollution by multiple metal(loid)s is a common problem, and it is not easy to
synchronously reduce their uptake in crops. Compounds containing iron (Fe) are often
used to efficiently remediate soil metal(loid) pollution; however, its associated risks did not
receive much attention especially under unsuitable soil water conditions. Pot experiments
were set up using an antimony (Sb) and cadmium (Cd) co-contaminated soil treated with a
continued submergence condition plus 5, 10, or 20mgkg~" FeCls (Experiment 1), or
treated with different water management including submergence, intermittent irrigation,
and dry farming (Experiment Il). Our results showed that the continued submergence
resulted in excessive accumulation of arsenic (As) in different tissues of rice plants even if
the soil As background concentration is low. High soil moisture content increased the
available concentrations of Sb and As, but reduced that of Cd in rhizosphere soils, which
was in line with their concentrations in different tissues of rice plants (Experiment Il). Under a
continued submergence condition, FeCls significantly stimulated As concentration in the
shoots, roots (excluded Fe20 treatment), and husks, but reduced it in the grains. FeCls
reduced Sb concentration only in the roots and grains, and reduced Cd concentration only
in the husks, suggesting a limited efficiency of FeCls to reduce Cd uptake under a
submergence condition. In this study, the dynamic changes of As, Sb, and Cd
concentrations in soil solution, their available concentrations in rhizosphere soils, their
accumulation in root iron/manganese plaques, and the relationships among the above
parameters were also discussed. We suggested that if FeClz would be used to remediate
the contaminated soils by Sb and Cd, dry farming for a short time is needed to avoid As
accumulation, and intermittent irrigation is a potential choice to avoid the excessive
accumulation of As, Sb, and Cd in the edible parts of rice plants.
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INTRODUCTION

Anthropogenic activities such as mining, smelting, and waste
disposal usually release multiple metal(loid)s into the
environment (Macgregor et al, 2015; Tabelin et al, 2018;
Tabelin et al., 2021). Ever-increasing levels of arsenic (As),
antimony (Sb), and cadmium (Cd) have been found in the
environment in Canada (Fawcett et al,, 2015) and China (Fu
et al., 2010; Fu and Wei, 2013; Fu et al., 2016). Therefore, it is
important to simultaneously immobilize toxic metal(loid)s in
soils to reduce their accumulation in crops.

Few technologies are explored to repair the contaminated
soils by multiple metal(loid)s, especially for Sb contamination.
Materials containing Fe are often used to remediate the
contaminated soils by As (Chou et al., 2016), Sb (Van
Caneghem et al., 2016) and Cd (Huang et al., 2018) via some
mechanisms, such as promoting Sb adsorption by iron (hydr)
oxides (Van Caneghem et al, 2016) or forming a stable
tripuhyite under strong acidic conditions (Leverett et al,
2012). In addition, Fe will stimulate the formation of Fe/
manganese (Mn) plaques on the surface of rice roots (Huang
et al.,, 2012). However, the inhibition and stimulation of Sb
uptake in plants resulting from the actions of root Fe/Mn
plaques were simultaneously observed in many studies (Ren
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et al.,, 2014; Cui et al., 2015; Huang et al., 2012). The above
contradictory results might suggest that there will be some
factors controlling the outcomes of compounds containing Fe
to restrict Sb uptake.

The normal cultivation pattern for rice plants needs a long-
time submerged condition and a short-time dry farming for 5 to
10 days at the end of tillering stage or the beginning of jointing
stage (Yao et al., 2012). This water cycle will increase the release
risk of metal(loid) pollution in soils (Huyen et al, 2019). In
China, there is plenty of rain within most of rice cultivation areas
(mainly locate in the south provinces of China), where the
situation of soil metal(loid) contamination is also heavy (Mao
et al,, 2019). Thus, it is possible that the time of dry farming for
these contaminated paddy soils will not be enough. The
submerged conditions will stimulate the release of metalloids
into soil solution and result in their excessive accumulation in
plants, such as As and Sb (Takahashi et al., 2004; Xu et al., 2008;
Wan et al,, 2013; Liao et al., 2016; Matsumoto et al., 2016). In
contrast, high soil moisture will be beneficial to restrict Cd uptake
in rice plants (Simmons et al., 2008; Liao et al., 2016) via
combination of Cd with sulfur (S) to form an insoluble
compound (CdS) under an anaerobic condition (Bingham
et al., 1976). Some researchers have attempted to use the water
management technology to control the availability of targeted
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metal(loid)s in soils and thus reduce their accumulation in crops
(Hu et al., 2015). However, the optimal water management
manner is not clear when using this technology to remediate
the contaminated paddy soils by multiple metal(loid)s.

In addition, when using the compounds containing Fe or the
technology of water management to reduce uptake of metal(loid)s
in crops, few concerns were paid on their effects on quality of crop
products. The fill-up of the above knowledge gaps will make
people notice the risks when using FeCl; or water management to
remediate Sb and Cd co-contaminated soils under an impeded
drainage condition. Therefore, this study was conducted using
FeCl; (under a continued submergence condition) and different
water management patterns in potted experiments to investigate:
(1) the efficiency and risks of FeCl; and water management to
reduce uptake of Cd and Sb in a rice plant (Yangdao No.6); (2) the
geochemical evolution of pore water with elongation of exposure
time; (3) the formation of root Fe/Mn plaques and their roles in
controlling uptake of elements; and (4) the uptake of essential
elements and the yield of rice plants.

MATERIALS AND METHODS

Soil Preparation and Experimental Design
The tested soil was collected from a farmland in the vicinity of a
mining area (Xikuangshan) in Lengshuijiang city, Hunan province,
China. The pH value of the soil is 5.30, and the concentration of
potassium (K), Fe, calcium (Ca), magnesium (Mg), Mn, and zinc
(zn) is 2.56gkg!, 687gkg’, 2866gkg”’, 026gkg’’,
29.79 mgkg ™', and 49.41 mg kg™, respectively. The concentration
of soil organic matter, available phosphorus (P), available K, total
nitrogen, and total P is 22.30 gkg™', 12.88 mgkg™', 0.09 gkg ™,
2.81gkg ™!, and 23.86 gkg ™, respectively. The concentration of
Sb, As, and Cd is 84.79, 10.89, and 0.43 mgkg ', respectively.
The available concentration of Sb, Cd, and As is 0.37 gkg ',
047 mgkg™", and 0.12mgkg ", respectively. According to the
Environmental Quality Standards for soils in China (GB
15618-2008), the soil concentration of Cd and Sb is 1.72 and
848 times higher than their individual Quality Standard,
respectively [pH < 5.5 for a paddy field, 0.25mgkg™" for Cd,
and 10 mgkg™" for Sb (a suggested value)]. Although the soil As
concentration was lower than its Quality Standard (pH < 5.5 for a
paddy field, 35 mgkg '), the unsuitable water management would
lead to As accumulation in edible parts of crops (Liao et al., 2016).
Therefore, in this study, we also monitored the As concentration.
The collected soil was air dried, sieved through a 2-mm nylon screen,
mixed thoroughly, and finally placed in darkness until use.

There were two experiments in this study. The first one was
conducted to study the effects of FeCl; on the uptake of Sb, Cd, and
As by rice plants. There were four treatments: control (CK), Fe5
(5mgkg™"), Fel0 (10 mgkg ™), and Fe20 (20 mgkg ™). The soil
was submerged with a water depth of 3-4cm above topsoil
throughout the rice growing period (soil cultivation continued
for 95 days).

The second experiment was designed to investigate the
efficiency of different water management patterns to control
the uptake of the above metal(loid)s by rice plants. There were
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three treatments as follows: (1) Flooding: The water management
was the same as in Experiment I. (2) Intermittent irrigation: The
soil was flooded first, and next naturally dried to make the soil
moisture content be about 50% of field capacity (weight method),
and then re-submerged. The above processes were repeated until
harvest. (3) Dry farming: The soil moisture content was always
maintained at 60%-80% of field capacity. Each treatment of the
above two experiments had triple replications. The two
experiments were performed synchronously.

Basal fertilizers were added to each pot as follows: 0.20 g
CO(NH),, 0.12g NaH,PO,, and 026g KCl for both
experiments. The soil was thoroughly mixed with the basal
fertilizers (Experiment I and II) and the compound containing
iron (Experiment I) as the designs, and then potted. Each pot
was filled with 5 kg soil. To investigate the changes of Sb, Cd
and As concentrations in soil pore water, a soil solution
sampler (19.21.26F RHIZON FLEX, Agro Business Park
Wageningen Netherlands) was buried into the soil of each
pot (considered as a replication) to collect soil pore water.
After that, the soil was flooded with de-ionized water to
rebalance in a glass greenhouse for 2 weeks. Two weeks
later, the rice seedlings were transplanted into the pots (two
seedlings per pot).

Plant Culture and Management

Rice seeds (Oryza sativa L., Yangdao No.6) were disinfected by
30% H,O, for 20 min, and then rinsed thoroughly with de-
ionized water. These seeds were sown in a moist culture
medium composed of vermiculite and perlite (1 : 1, v: v),
germinated, and grew in a greenhouse for 3 weeks.

Three weeks later, the rice seedlings with a uniform size were
transplanted into a half-strength Hoagland-Aron solution
(Hoagland and Arnon., 1950) for their further development
for 2 weeks. The nutrient solution was replaced every 3 days
and its pH was adjusted to 5.5 using 0.1 mol L™' NaOH and
HNO;. The 50% HN solution was composed of 2.5 mM KNO;,
0.5 mM NH,NOs, 0.5 mM NH,H,PO,, 2 mM Ca(NO,),e4H,0,
1mM MgSO,e7 H,0, 4.5uM MnCl,e4H,0, 23 uM H;BO;,
04uM ZnSO,e7H,O, 0.15pM CuSO4e5H,O, 0.05uM
H,Mo00,, and 4.5 uM EDTA-Fe. The growth conditions of the
greenhouse were 25/20°C (day/night) temperatures, a 60-70%
relative humidity, and a 16-h photoperiod with a light intensity of
100 pmol m 257",

Two weeks later, the rice seedlings were transplanted into
plastic pots. During the soil cultivation process, the rice plants
were placed in a glass greenhouse under a natural light at
temperatures of 15-38°C.

Sampling and Analysis

Sampling of Soil Pore Water

The soil solution was collected by a soil solution sampler at the
first, third, seventh, 10th, 20", and 60th days after the
transplanting of seedlings into soils. After being filtered
through a 0.22-uM filter, diluted nitric acid solution (1%) was
added into the soil solution to prevent the precipitation of ions,
and then stored at 4°C until the determination of elemental
concentrations using Inductively Coupled Plasma Mass
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Spectrometry (ICP-MS, iCAP Qc ICP-MS, Thermo Fisher,
United States).

Plant Harvest

The plant height and rice spike numbers were recorded before the
seedlings were harvested (upon no visible water in the pots at the
ninety-fifth day). The attached soil on the root surface was
brushed off, collected, and assigned as the rhizosphere soils.
After that, the seedlings were separated into the roots, shoots,
and grains (with husks). The grains (with husks) were air dried,
and the yield of each pot was recorded. Next, the grains (with
husks) were de-hulled, and then the shelled grains and husks were
separately ground using a micro-mill for the determination of
elemental concentrations. The roots and shoots were rinsed with
de-ionized water thoroughly, and the water adhering to the
surface of samples was removed using filter papers. After that,
the fresh weights of roots and shoots were recorded.

A part of fresh root samples was gathered to extract root Fe/
Mn plaques using a modified dithionite-citrate-bicarbonate
(DCB) method (Li et al, 2016). Briefly, approximately 1.00 g
of fresh rice roots was weighed and incubated in a 30-ml DCB
extract (0.03 mol L™! sodium citrate, 0.125 mol L' NaHCO3, and
0.5 g sodium hydrosulfite) for 1 h at 25°C. After that, the above
rice root samples, the remaining root samples (excluding the root
samples used for the extract of root plaques), and the shoot
samples were oven-dried at 70°C for 48 h to a constant. The dry
weights of the above oven-dried samples were recorded, and then
pulverized for the determination of elemental concentrations.

Soil Sampling and Treatment Procedure

The air-dried rhizosphere soil was sieved through a 0.15-mm
nylon screen and used to measure the pH value and the available
concentrations of Sb, As, and Cd. The available concentrations of
Sb, As, and Cd were measured according to the method of Liu
et al. (2016). Briefly, approximately 5 g rhizosphere soil sample
was weighted and transferred into a 50-ml centrifuge tube, and
then 25ml of 0.1 M HCI was added. The centrifuge tube was
shaken at 180 r min~" for 2 h at 25°C, and then the mixture was
filtered into a volumetric flask, topped up to 100 ml, and stored at
4°C in a refrigerator until use.

Remediation of Multiple-Metal(loid) Contaminated Soils

Digestion Methods

An ED54 DigiBlock digestion system (Lab Tech, Inc., Hopkinton,
MA, United States) was used to digest the plant and soil samples.
The digestion method was described in the studies of Liao et al.
(2016) and Wu et al. (2017). For the digestion of soil samples,
10 ml of HNO3, 4 ml of HF, and 0.25 g of soil samples were mixed
in a digestion tube and incubated overnight. Samples were heated
first at 120°C for 1 h, and then at 150°C for 2 h. Next, the liquid in
the tube was evaporated at 180°C until the liquid volume is
approximately 1 ml. After that, the liquid volume was topped up
to 25 ml using de-ionized water, filtered through a 0.22-um filter,
and then used to determine the elemental concentrations by
ICP-MS.

The digestion method for plant samples was as follows: 15 ml
of HNO; and 0.2 g of plant samples were mixed in a digestion
tube and incubated overnight. The samples were first heated to
80°C for 1.5 h, and then at 120°C for 1.5 h, and at 150°C for 3 h.
Finally, the liquid in the tube was evaporated to be approximately
1 ml under a temperature of 180°C. After that, the volume of the
above liquid was topped up to 50 ml in a volumetric flask, and
filtered through a 0.22-pm filter for the determination of
elemental concentrations using ICP-MS.

The concentrations of Fe and Mn in the extraction solution
were determined using a Flame atomic absorption spectrometer
(Zeenit700P, Analytik jena, Germany) and the concentrations of
other elements in the extraction solution were determined using
ICP-MS.

Standard reference materials including green tea leaves
(GBW10052), grains (GBW10045), and soils (GBW07452)
were purchased from the Institute of Geophysical and
Geochemical Exploration, China. When using ICP-MS to
determine the elemental concentrations, the relative standard
deviation (RSD) of each sample is less than 10% and the recovery
rate is between 90% and 120%.

Data Analysis

The bioconcentration factors (BCFs) and translocation
factors (1 and 2) of Sb, Cd, and As were calculated using
Eqs 1-3, respectively (Takarina and Pin., 2017; Otones et al.,
2011).

TABLE 1 | Plant growth and soil available concentrations of metal(loid)s.

Treatments Plant Spike Hundred- Shoot Root Soil pH Available concentrations (mg kg'1)

height nt:lmber g?raln f'resh f.resh Sb As cd

(cm) (spike/pot) weight (g) weight (g) weight (g)

Control (CK) 92 + 0.6a@ 70+ 1.7a 20+0.33a 141 +£9.1b 137 £ 17b 6.81 + 0.10a® 0.39 + 0.014b 0.46 + 0.057a 0.52 £ 0.013a
5mg kg 'Fe 93 +22a 8.0 + 1.0a 23+030a 137 +7.0b 126+ 5.1b 6.60 + 0.021b 0.52 + 0.010a 0.40 +£ 0.0010a  0.51 + 0.011a
10 mg 91 + 1.6a 7.0 £ 1.0a 2.0 £ 0.094a 141 +11b 112 + 14b 6.62 + 0.11b 0.51 + 0.023a 0.39 £ 0.020a  0.50 + 0.0070a
kg~ 'Fe
20 mg 85 + 1.4b 8.0+ 1.7a 23+0.16a 164 +2.9a 167 + 21a 6.77 + 0.075ab 0.52 + 0.027a 0.45 + 0.023a  0.50 + 0.0070a
kg~ 'Fe
Flooding 91+32B9 53+12B 20+ 061A 147 £ 25A 117 £ 11.4A  6.66 + 0.042A 0.47 + 0.019A 0.31 £+ 0.010A  0.53 + 0.0030B
Intermittent 104 + 1.4A 83 +058A 23+0.18A 143 + 156A 72 +5.1B 6.67 + 0.095A  0.42 + 0.00020B 0.16 + 0.0070B  0.59 + 0.011A
irrigation
Dry farming 106 + 5.0A 7.3+12AB 23+0.11A 127 +22B 36 +6.1C 6.84 + 0.13A 0.32 + 0.0041C  0.12 £ 0.0030C  0.59 + 0.017A

AValues are means + SE (n = 3). The lowercases letters (Experiment |) and capital letters (Experiment l) in the same column indicate significant differences among different treatments

(b <0.05).
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FIGURE 1 | Dynamic changes of Sb, As, and Cd concentrations in the soil solution with the elongation of time. Panels (A-C) indicates the changes of Sb, As, and

Cd concentrations in the soil solution under different FeCls treatments, respectively. Panels (D-F) indicate the changes of Sb, As and Cd concentrations in the soil
solution under the flooding, intermittent irrigation, and dry farming treatments, respectively.

Bioconcentrarion factors (BCF) = Csp/as/cd(roots) /Csp /As/Cd (soil

1
Translocation factor1 (TF1) = CSb/As/Cd(shoots)/CSb/As/Cd(roots)

2
Translocation factor2 (TF2) = C,, /s (grain) / Cob/as/Cd (roots)

3)

where Cgp/as/cd(roots) denotes the concentration of Sb, As, and
Cd in roots of rice plants, respectively; Csp/as/cd(soity denotes the

concentration of Sb, As, and Cd in soils, respectively; and Cgp/as/
Cd(grains) indicates the concentration of Sb, As, or Cd in grains,
respectively.

One-way ANOVA analysis combined with multiple
comparisons (Tukey’s test) was employed to compare
significant differences between different treatments (p < 0.05).
Results were expressed as means with standard errors (n = 3).
Data analysis was performed using the SPSS18.0 (SPSS Inc,
Chicago, IL, United States) software and the figures were
drawn using a SigmaPlot software14.0.
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RESULTS AND DISCUSSION
Plant Growth and Yield

This study was conducted to investigate the efficiency and
risks of using FeCl; or water management to control the
uptake of Sb and Cd in a rice plant. The results showed
that 20 mgkg™' Fe significantly increased the fresh weights
of shoots and roots but decreased the height of this plant
(Table 1). However, this fresh weight stimulation was not
accompanied with enhanced spike numbers and hundred-
grain weight (Table 1). These results might indicate that
the addition of Fe facilitated the vegetative growth but did
not show beneficial effects on the reproductive growth of this
rice plant under a continued submergence condition. The
above results were not in line with the results of Huang
et al. (2018), who reported that FeSO,e7H,0O as a base
fertilizer could significantly increase rice grain yield. This
inconsistence might be partially due to the continued
submergence condition. Because alternate wetting and
drying farming regimes could increase grain yield and plant
height in mature stages of rice plants (Maneepitak et al., 2019).
In this study, similar stimulation on spike numbers and plant
height were also demonstrated when compared to the flooding
treatment (Table 1).

Dynamic Changes of Elements in Soil
Solution and Their Available Concentrations

in Rhizosphere Soils

Soil solution plays an important role in regulating dynamic
balance of nutrient elements in soil (Li and Hou, 1998), which
will affect their uptake in plants. On the first day, the addition
of Fe resulted in obviously lower Sb concentration relative to
the CK treatment (Figure 1A and Supplementary Figure S1),
possibly indicating a co-precipitation of Fe and Sb since
previous studies suggested that the Fe may precipitate with
Sb in soils (Tandy et al., 2017). However, with the elongation
of exposure time, the soil Eh under a submerged condition will
decrease (Zheng et al., 2019) and result in the reduction of
Fe>* to Fe** (Frohne et al., 2011), As(V) to As(III) (Makino
et al., 2016), and Sb(V) to Sb(III) (Wan et al., 2013). As(III)
had a lower affinity to the soil solid phase than As(V)
(Suriyagoda et al., 2018); however, Sb(III) showed a higher
affinity with hydrous ferric oxide and goethite than Sb(V)
(Zhu et al., 2020). Therefore, the reducing dissolution of added
Fe led to the steady release of As and Sb with time from
dissolved Fe oxides into the soil solution (Figures 1A,B), and
the enhanced Sb available concentration in the rhizosphere
soil (Table 1).

Reports have shown that the materials containing Fe can
effectively immobilize As and Sb in soils (Ko et al., 2015; Yuan
et al., 2017; Mitsunobu et al., 2006). However, there were no
regular differences in the concentrations of As (third day to
20th day) and Sb (third day to 20th day) under Fe treatments
relative to the CK treatment (Figure 1 and Supplementary
Figure S1). This might be due to the dynamic balance of plant
uptake and the processes of biological as well as

Remediation of Multiple-Metal(loid) Contaminated Soils

physicochemical occurring in soils. On the 60th day, the
solution Sb concentration at 20 mgkg " Fe and the solution
As concentration in all Fe treatments were obviously lower than
that in the CK treatment (Figure 1 and Supplementary Figure
S1). The related reasons for these changes were discussed
below.

1) CI'had a weak effect on the desorption of [Sb(OH)s]™ (Biver
et al,, 2011) and H,AsO4 (Ryden et al., 1987) for the same
binding sites. Therefore, the supplement of CI' was not the
reason for the decreased Sb and As concentrations in the soil
solution on the 60th day.

The adsorption of As and Sb by soil Fe oxides was weakened,
because of the reducing dissolution of Fe and thus the more
release of adsorbed As (DelLemos et al., 2006) and Sb under a
submerged condition (He et al., 2015). After the addition of
FeCl;, the unchanged As bioavailable concentration in the
rhizosphere soils (Table 1) was not well in line with the
unregular changes in As concentration in the soil solution
(Figure 1B). The above results might suggest that FeCl; did
not show a significant effect on the available concentration of
As at harvest.

3) The decreased soil solution Sb and As concentrations on the
60th day seemed not to be due to the competitive adsorption
between Sb(V) and As(III) or between As(IIT) and Sb(III).
Because (1) although the flooding condition is supposed to
facilitate the more transformation of Sb(V) to Sb(III) (Wan
etal., 2013) and As(V) to As(IIT) (Makino et al., 2016), Sb(V)
will be often detected in water under anaerobic conditions,
which mainly exists in the water as [Sb(OH)4] ™ (Filella et al.,
2002). (2) As(II) is predominant under anaerobic
conditions, as well as As(III) and Sb(III) mainly exist in
the environment as neutral molecules (McFarlane et al.,
2003).

It was speculated that the decreased soil solution Sb and As
concentration is probably ascribed to the combined effects of
(1) their adsorption/desorption in soil, (2) reducing
dissolution of Fe accompanying with more release of As
and Sb (Cui et al,, 2015; Matsumoto et al., 2016; Karimian
et al.,, 2019), (3) effects of soil microorganisms, and (4) the
huge uptake of Sb and As at the stage of high nutritional
demand in this rice plant.

2

~

4

~

Nevertheless, as compared to the CK treatment, the
unchanged soil Cd available concentration in the rhizosphere
soil (Table 1) matched well with the relatively constant
concentrations of Cd in the soil solution on the 20th day to
60th day (Figure 1 and Supplementary Figure S1). The above
results might be related to the continued submergence condition,
which resulted in the co-precipitation of Cd and S (Cornu et al.,
2008).

The results of Experiment II further confirmed the
important roles of soil moisture in regulating the
concentrations of As, Sb, and Cd in soil and soil solution.
We found that soil solution concentration (Figure 1E, on the
10th to 60th day) and available concentration (Table 1) of As
were both higher under a high soil moisture than that under a
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extracts among different treatments, respectively.
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differences (at p < 0.05) for Sb, As, and Cd concentrations in the DCB extracts

among different treatments, respectively.

low soil moisture. On the 60th day, the Sb concentration in
soil solution under a high soil moisture was significantly
higher than that under a lower soil moisture content
(Figure 1D and Supplementary Figure S1). In contrast,
the available concentration of Cd was higher under a low
soil moisture than that under high soil moisture (Table 1). All
of the above results suggested that high soil moisture will
facilitate the release of As and Sb but reduce Cd availability.
Similar results were also reported in the studies of Li and Xu
(2017).
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FIGURE 4 | Effects of FeClz on the concentrations of Sb, As, and Cd in

the shoots, roots, husks, and grains. Bars are means and standard deviations
for three replications. Different lowercase letters, capital letters and
parenthesized letters denote significant differences (at p < 0.05) for Sb,

As, and Cd concentrationsin the shoots, roots, husks and grains among
different treatments, respectively.

Roles of Fe/Mn plaques in Constraining Sb,
As, and Cd Might Be lon-level-dependent in

Soils

In this study, exogenous Fe stimulated the formation of Fe/Mn
plaques (Figure 2A), which was well in line with the results of a
previous study by Huang et al. (2012). Intermittent irrigation
and dry farming treatments promoted the Mn plaque when
compared to the flooding treatment (Figure 2B), suggesting that
a low soil moisture will be beneficial for the formation of root
Mn plaques. Reports suggest that the formation of Fe/Mn
plaques needs an oxidation process of Fe/Mn (Pittman,
2005), and the stimulation of a low soil moisture on Mn
plaque formation is thus expected.

Exogenous Fe significantly enhanced As concentration but did
not significantly affect Sb and Cd concentrations in DCB extracts
when compared to the control (Figure 3A). The enhanced As
accumulation in root Fe plaque of rice plants was also observed in
the study of Li et al. (2015). However, the enhanced
accumulation of As in root Fe/Mn plaques did not result in
less accumulation of As in most tissues of rice plants (Figure 4).
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The above results further questioned the roles of Fe/Mn plaques
acting as a barrier, and it was speculated that their roles acting as a
barrier should be condition-dependent, such as dose-dependent
(Ren et al, 2014; Cui et al, 2015) and speciation-dependent
(Huang et al., 2012). Here, the Fe/Mn plaques will play a storage
role for most elements, because (1) the unchanged As available
concentration (Table 1) and unregular changes of As
concentration in the soil solution (Figure 1) cannot explain
the significantly enhanced As accumulation in the most tissues
of this rice plant (Figure 4); (2) exogenous Fe generally enhanced
concentrations of Mg, K, and Zn in root plaques, and K, Ca, Mn,
and Zn in roots; and (3) the essential metal elements in the roots
of this rice plant were much lower than that in the roots of normal
growth rice plant in the study of Liu et al. (2019), especially for
Mg, K, Ca, Mn, and Zn. Therefore, we speculated that when the
concentrations of essential metal elements in soils are low, Fe/Mn
plaques will accumulate these elements to support normal growth
of plants (Supplementary Table S1). However, this process will
result in synchronously the accumulation of toxic metal(loid)s
because there are not enough cations to combine anions and thus
keep anion-cation balance.

Remediation of Multiple-Metal(loid) Contaminated Soils

Unlike As, the addition of Fe had no significant effect on the
DCB-Sb concentration (Figure 3A), but significantly enhanced
the available concentration of Sb in the rhizosphere soils
(Table 1). The unregular changes in Sb concentration in soil
solution did not match well with the unaffected concentrations
of Sb in Fe/Mn plaques and enhanced available concentration in
the rhizosphere soil. Unexpectedly, the addition of Fe did not
significantly affect the Cd concentration in DCB extracts
(Figure 3A) and the available Cd concentration in the
rhizosphere soils (Table 1). Liu et al. (2007) found that the
addition of 50 mgL™" Fe-EDTA significantly increased the
concentration of Cd in root Fe plaque. However, root Mn
plaque of cattail (Typha latifolia L.) was also found to loss its
roles in inhibiting Cd uptake in a nutrient solution culture (Ye
et al, 2003). In this study, the unaffected Sb and Cd
concentrations in the root Fe/Mn plaques might be due to
the scarce capacity of Fe/Mn plaques under a continued
submergence condition to adsorb so many kinds of
metal(loid)s. Because the addition of Fe also increased the
concentrations of Mg, K, and Zn in the DCB extracts
(Supplementary Table S1).

In Experiment II, we found that low soil moisture content
facilitated the formation of Mn plaque (Figure 2B), which
showed a negative effect on the accumulation of As and Sb,
and a positive effect on the Cd accumulation in the root DCB
extracts. The above results might suggest that under dry farming
conditions, root Mn plaque might exert its functions on
restraining Cd. A previous study showed that a large amount
of As could be accumulated on Mn plaque of rice roots (Liu et al.,
2005).

Exogenous Fe Stimulated as Accumulation
in Most Tissues of This Rice Plant Under a
Continued Flooding Condition and Thus

Possessed Risks
Unexpectedly, the flooding condition results in excess
accumulation of As in the shoots, roots, husks, and brown
rice (Figure 4), even when the soil As concentration was as
low as 10.89mgkg'. In addition, exogenous Fe only
significantly reduced the brown rice As concentration and in
most cases increased As accumulation in the shoots, roots, and
husks (Figures 4A-C). The unregular changes in soil solution
As concentration and the unchanged available concentration of
As in the rhizosphere soil (Table 1) did not match well with the
enhanced As concentrations in the shoots, roots, and husks.
Only the enhanced As concentration in DCB extracts
(Figure 3A) was in line with the As accumulation in the
above tissues, which might suggest the role of Fe/Mn plaques
acting as a storage for As uptake at this moment. Although the
FeCl; stimulated the As uptake in some tissues, it reduced the
translocation of As from roots to shoots (decreased BCF value),
and roots to grains (decreased TF2 value) (Supplementary
Table S2).

Unlike As, the addition of FeCl; only significantly
enhanced the shoot Sb concentration but reduced grain
and root Sb concentration (Figures 4B,D). Similar to As,
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the addition of Fe reduced the translocation of Sb from roots
to shoots (decreased BCF value), and roots to grains
(decreased TF2 value) (Supplementary Table S2). The
significant increases in soil available Sb concentration
agreed with the enhanced shoot Sb concentration (5 and
10mgkg™' Fe, Figure 4A). The unchanged Sb
concentration in the DCB extracts (Figure 3A) indicated
that root Fe/Mn plaques played a limited role in
controlling Sb translocation at this moment. Similar results
were obtained in other studies, where Fe plaques had no
obvious effect on Sb uptake by wheat (Triticum aestivum L.
Sella) (Ji et al., 2018).

It was also strange that the addition of FeCl; showed a dose-
dependent effect on the Cd concentration in the shoots, husks,
and grains. For example, 10 mgkg ' FeCl; significantly
increased the grain and shoot Cd concentrations (Figures
4A,D), and the other treatments containing FeCl; either
non-significantly affected or significantly reduced the Cd
concentration in different tissues of this rice plants (Figures
4A-D). The above results suggested complicated
physicochemical reactions plus biological effects of plant
roots and microorganisms in soils. In this study, the
addition of FeCl; did not have negative effects on the
concentrations of Mg, K, Ca, Mn, and Zn in the grains
(Supplementary Table S3).

A Moderate Soil Moisture is Needed for Rice
Plants Growing in Sb and Cd

Co-contaminated Soils
In the Experiment II, a low soil moisture resulted in low DCB-
As and DCB-Sb concentrations (Figure 3B), available As and
Sb concentrations (Table 1), and total concentrations of As
and Sb in all tissues of this rice plant (Figure 5). However, a
low soil moisture at the same time increased Cd concentration
in all tissues of rice plants (Figure 5) and decreased the
concentrations of Mg, K, Ca, Fe, Mn, and Zn in the grains
(Supplementary Table S4). The above results indicated that
when growing rice plants in Sb and Cd co-contaminated soils,
a moderate field drying strategy is necessary to control the
accumulation of Cd and Sb in tissues of rice plants, because (1)
a high soil moisture will enhance the risks of As accumulation
in plants despite a very low As concentration in soils, which
was in line with the results reported by Carrijo et al. (2019);
(2) a low soil moisture will increase the risks of Cd
accumulation in plant tissues (Figure 5); and (3) a low soil
moisture is also not beneficial for the accumulation of
essential elements in the grains, just proven in this study
(Supplementary Table S4) and the study of Li et al. (2009).
When using FeCl; to remediate contaminated soils by Sb
and Cd in natural fields, some aspects should be taken into
consideration. In actual field conditions, the growth
conditions for crops are hard to be controlled, especially
for excess rain, fertilization, and cultivation patterns. (1)
Excess rain will result in more release of Sb and As (just
mentioned above) and elevate the difficulty of using
passivators to immobilize As and Sb in soils. (2) The

Remediation of Multiple-Metal(loid) Contaminated Soils

fertilizers containing phosphorus (P) will stimulate the
release of As and Sb via competition adsorption (Cao and
Ma., 2004), but will reduce Cd availability via a co-
precipitation reaction (Raicevic et al., 2005). Therefore, it is
important to supply phosphorus fertilizers during the process
of using passivators to remediate As- and/or Sb-contaminated
soils. (3) In practice, a crop rotation measure is often used to
improve soil physicochemical properties and soil
microorganism communities (N’Dayegamiye et al., 2015).
A rotation measure (like a rotation of paddy rice and
wheat) will help soil re-organize its soil texture, and affect
adsorption/desorption of elements and speciation
transformation of As and Sb in soils (Datta and Sarkar.,
2004; He et al, 2018). When cultivating a contaminated
farmland using a rotation pattern, FeCl; can be used to
reduce As, Sb, and Cd accumulation in grains of rice plants
on the condition that the soil water will be well-controlled.
Otherwise, an uncontrolled accumulation of As and Cd in
grains of rice plants will very likely happen.

Conclusion

In this study, the dynamic changes in the concentrations of
As, Sb, and Cd in the soil solution did not match well with
their final available concentrations in the rhizosphere soils.
After the addition of FeCl;, the unchanged available
concentration of As in the rhizosphere soils was not in
line with the significantly enhanced As concentration in
most tissues of the rice plants. However, the significantly
enhanced available Sb concentration and wunchanged
available Cd concentration in the rhizosphere soils
generally agreed with the enhanced shoot Sb concentration
and unchanged root Cd concentration, respectively. The
long-term  submergence resulted in the excessive
accumulation of As in all tissues of this rice plant. The
addition of FeCl; could reduce the grain As, grain Sb, and
husk Cd concentration in many cases. Different FeCl;
treatments stimulated the formation of Fe/Mn plaques,
and the Fe/Mn plaques accumulated a large amount of As.
However, the above accumulation did not produce a less
accumulation of As in many plant tissues. In addition, the
accumulation of Sb and Cd in the Fe/Mn plaques did not
differ within different Fe treatments. Low soil moisture
content was found to be beneficial to the formation of Mn
plaque, which accumulated more Cd but less As and Sb with
the decreased soil moisture content. In line with the changes
of these three element concentrations in the Fe/Mn plaques,
the low soil moisture led to a higher accumulation of Cd but a
lower accumulation of As and Sb in all tissues of rice plants.
In summary, when using strategies to reduce the uptake of Cd
and Sb in rice plants, adding FeCl; to the growth medium
may pose risks when the plants are subjected to a continued
submergence condition, including (1) the wunexpected
stimulation for As accumulation in rice plant tissues even
when the As background concentration is low, and (2)
decreased accumulation of many essential elements in the
grains. In addition, the intermittent irrigation is the best way
to simultaneously reduce the accumulation of As, Sb, and Cd
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in the grains of rice plants grown in the contaminated soils by
Sb and Cd.
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