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Abstract
Pot experiments were conducted to identify the most e�cient water management strategy for reducing Cd and As
accumulations and amino acid (AA) synthesis in rice in two soils with different Cd and As contents. A treatment consisting of
�ve days of �ooding followed by three days of drainage (F5D3, repeated every eight days) was identi�ed as the most effective
treatment for simultaneously decreasing Cd and As in grains, with reductions of grain Cd and As contents of more than 80.0%
and 73.1%, respectively, compared with either a drained treatment or a �ooded treatment alone; this is probably related to the
high e�ciency of the F5D3 treatment in reducing dissolved Cd and As according to its minimum “trade-off value”, due to the
variations in grain Cd and As contents were signi�cantly correlated with the variations in soil solution Cd (R2 = 0.98) and As (R2 
= 0.92, p = 0.0001) concentrations. Additionally, grain Cd content was also signi�cantly related to the organs Cd contents
(especially root Cd content, R2 = 0.99) and the root-to-shoot Cd translocation factors (R2 = 0.99), whereas grain As content was
signi�cantly related to soil Eh (R2=-0.82, p = 0.003) and pH (R2 = 0.88, p = 0.0008). The AA contents in organs under the F5D3
treatment were lower than those under the Flooded and Drained treatments. These results indicated that the F5D3 treatment
was the most effective water management strategy for simultaneously reducing grain Cd and As contents and AA synthesis in
rice, which was probably due to there being no need for rice to synthesize abundant AAs to chelate metal ions.

1. Introduction
Cadmium (Cd) is a highly toxic heavy metal. Because its effects on animals are cumulative, it is toxic to livestock and humans
at lower concentrations than to plants. The Joint Expert Committee on Food Additives (JECFA) has established a health-based
guidance value for Cd (25 µg kg− 1 bodyweight per month) (Joint FAO/WHO Expert Committee, 2010), and the Codex
Alimentarius Commission has adopted a maximum concentration of 0.4 mg kg− 1 for Cd in white rice grain (Codex
Alimentarius, 2006).

Arsenic (As) is a carcinogen harmful to the human body. As exists in soil in many chemical forms, including inorganic As and
methylated-As species like monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA). As mainly exists in the form of
inorganic As in soil and is easily taken up by plants (Takahashi et al., 2004). It is noteworthy that rice provides the greatest
source of dietary intake of inorganic As in China (Li et al., 2011). A provisional tolerable weekly intake of 15 µg kg− 1 body
weight has been set by the JECFA. The national food standard limits of Cd and As are 0.2 mg kg− 1 for rice in China (GB2762-
2017).

Numerous studies have found that water management in�uences the bioavailability of Cd (Kikuchi et al., 2008; Liu et al., 2019)
and As (Hua et al., 2011; Spanu et al., 2012) in soils. When the soil is �ooded, the soil has a low redox potential, and any Cd
and sulfur (S) in soil combine to form CdS. The solubility of CdS in water is low (Porter et al., 2004), which reduces the
absorption of Cd by plants (Fulda et al., 2013). When the soil is drained (oxidative condition), CdS is converted into CdSO4

(through oxidation of CdS to Cd2+ and SO4
2+), which enhances the availability of Cd for plant absorption (Porter et al., 2004)

because CdSO4 has much higher solubility than CdS. On the contrary, under drainage conditions, As(V) is the predominant
inorganic As species and is easily combined with Fe and Al (hydr)oxides (Goldberg, 2002), thereby decreasing its mobility and
its absorption by plants. When soil is �ooded, As is released from the solid phase into the aqueous solution phase by the
dissolution of Fe and Al(hydr)oxides and the reduction of As from As (V) to As (III), which has enhanced solubility compared
with As (V) (Takahashi et al., 2004) and is easily taken up by plants.

Cd and As bioavailability and solubility are regulated by the alternation of high and low Eh and pH conditions in soil and
primarily determine the Cd and As contents in rice grains. Accordingly, the contents of Cd and As in grains can be controlled
through water management during the growing stage. Several studies have con�rmed that under alternating wet and dry
conditions, a trade-off relationship exists between Cd and As bioavailability that regulates the accumulation of Cd and As in
grains (Arao et al., 2009; Hu et al., 2013; Honma et al., 2016). Until now, few comparative and simultaneous studies on the
e�ciency of optimized water management regimes to reduce Cd and As absorption and translocation in rice organs and on the
synthesis of amono acids (AAs) in rice organs in both high and low compound polluted soils have been conducted. In the
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present study, a pot experiment was conducted to investigate the Cd and As contents and the synthesis of AAs in rice organs
induced by optimized water management.

2. Materials And Methods

2.1 Description of soil properties
Two paddy soils (0–20 cm) were collected from the rice �eld in the Wangcheng (abbreviated as W soil) district, in Changsha
city, and in Helonghu town (abbreviated as H soil), Xiangyin county in Hunan province, China, in February in 2018. These two
soils were typical Cd- and As-polluted paddy soils with different degrees of pollution in China. The soils were air-dried and
sieved to < 2 mm to prepare them for the pot experiments. The soil characteristics are shown in Table 1.

Table 1
The characteristics of two paddy soils. The soils were collected from rice �elds in Wangcheng (abbreviated as W soil) and

Helonghu town (abbreviated as H soil).
Soils TN

(%)

TP

(g·kg− 1)

TK

(%)

TC

(%)

pH Cd

(mg·kg− 1)

As

(mg·kg− 1)

W 0.16 ± 0.01 0.55 ± 0.03 1.47 ± 0.12 1.93 ± 0.14 6.2 ± 0.01 1.125 ± 0.13 50.32 ± 2.54

H 0.23 ± 0.05 0.88 ± 0.05 1.46 ± 0.10 2.22 ± 0.21 6.8 ± 0.02 3.025 ± 0.17 86.56 ± 9.83

Note: TN, TP, TK, and TC mean total nitrogen, total phosphorus, total potassium, and total carbon, respectively. Data
presented are the mean of 4 samples from each paddy soil.

2.2 Plant cultivation and treatments
Seeds of conventional indica two-line hybrid rice (Tanliangyou 83) were chosen for the experiments. The cultivation process of
rice seedlings was conducted following Feng et al. (2013). The sieved soils were transferred into 6 L polyvinyl chloride pots (5
kg of soil per pot). Tap water was added to pots on a daily basis to maintain a �ooded condition for one month before the
transplanting of rice seedlings, when six plants were transferred into each pot. The pot cultivation was conducted in a
greenhouse, where �ve different water management methods (three experimental treatments and two controls) were practiced
in the pots from the elongation stage to the �owering stage of rice. The three optimized water management methods included
F5D3 (5 d �ooding followed by 3 d drainage, and repeated every 8 d), F5D5 (5 d �ooding followed by 5 d drainage, and
repeated every 10 d), and F5D7 (5 d �ooding followed by 7 d drainage, and repeated every 12 d); as controls, we used
continuously �ooded soils, which remained anaerobic, and continuously drained soils, which remained aerobic, and we
hereafter refer to these controls as the Flooded and Drained treatments, respectively. Each treatment was performed with four
replicates. The basic P and K chemical fertilizers (P2O5/K2O = 1:1.5) were applied at a rate of 0.06 g kg− 1 of dry weight of soil,

and the urea application rate was 0.5 g kg− 1 of soil dry weight. The rice seedlings were transplanted on May 10, 2018. All of
the pots were rearranged randomly each week until half a month before harvest. The rice was harvested on September 5, 2018.

2.3 Sample collection and plant and soil analysis
The harvested rice plants were rinsed carefully and separated into roots, stems, leaves, rachises, and grains. Dried tissue
samples were crushed into powder. Samples were digested according to Zhao et al. (2020). The As and Cd concentrations in
the digested solution were determined using inductively coupled plasma mass spectrometry (Agilent 7500a, USA). The
accuracy of the Cd and As analyses was con�rmed using standard reference materials (Cd standard solution [GSB04-1721-
2004] and As standard solution [GSB04-1721-2004], respectively) from the Center for Standard Reference of China.

Soil redox potential (Eh) was measured using an Eh meter (Mettler-Toledo, LED501 ORP, USA). Soil solution sampling was
carried out on the last day of �ooding or drainage for each cycle of the wet-dry alternation by soil solution samplers (MOM
Rhizon samplers, Netherlands). The total dissolved Cd and As concentrations in the soil solution were determined as described
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for the digested solution. The pH of the soil solution was determined using a pH meter (Sartorius PB-10, Germany) immediately
upon the arrival of the soil solution at the laboratory.

We analyzed the amino acid (AA) concentrations in the husks, stems, and roots of rice. There was not enough grain material to
perform AA measurements. We selected samples for testing from the Flooded, F5D3, and Drained treatments. The
quanti�cation of AAs was performed in the manner previously described by Zhao et al. (2020).

2.4 Statistical Analysis
All data were reported as the mean ± SD. Tests for Multiple comparisons were conducted among the different treatments (α = 
0.05). The relationships between soil indices and plant variables were investigated by Pearson correlation analysis. SAS (SAS
Institute, Cary, IN) software was used.

3. Results

3.1 Cd and As concentrations in rice organs
The highest and the lowest Cd concentrations in rice organs in both soils were observed in the Drained and Flooded treatments,
respectively. Among the optimized water treatments (F5D3, F5D5, F5D7), the Cd concentration increased in the shoots
(including leaves, stems, rachises, and grains) and gradually increased in the roots as the number of drainage days increased.
The Cd concentrations of rice organs from the same treatment followed the order of roots > stems > rachises > others in H soil
and the order of roots > stems > other parts in W soil. The concentrations of Cd in rice organs in H soil were higher than those in
the corresponding organs in W soil (Fig. 1a-b).

The highest and the lowest As concentrations in rice organs in both soils were observed in the Flooded and Drained treatments,
respectively. With an increase in the number of drainage days, we observed a gradual decrease in the As concentrations in all
organs in the optimized water treatments. Within the same treatment, the order of the As concentration in each organ was
roots > leaves > stems > rachises > grains in both soils (Fig. 1c-d).

3.2 The translocation factors (TFs) of Cd and As in rice plants
The transfer potential of Cd or As ions from one part of rice to another is calculated from the proportion of the Cd or As
concentration in different parts of rice. TFs of Cd in grains/rachises were higher than TFs of Cd in rachises/stems or
stems/roots within the same treatment in both soils. TFs of Cd in grains/rachises in different treatments followed the order of
Flooded > F5D3 > F5D5 > F5D7 > Drained treatments; however, TFs of Cd in rachises/stems and stems/roots followed the order
of Flooded < F5D3 < F5D5 < F5D7 < Drained treatment in both soils (Fig. 2a).

In the W soil, TFs of As in rachises/stems were greater than those in grains/rachises and stems/roots in all treatments. The
Drained treatment signi�cantly decreased the TFs of As stems/roots. In the H soil, the TFs of As in grains/rachises were
greater than the other TFs from the same treatment. The TFs of As in grains/rachises among the different treatments exhibited
the order of Flooded > F5D5 > F5D3 > F5D7 > Drained treatment. However, the Drained treatment signi�cantly reduced the As
TFs in rachises/stems (Fig. 2b).

3.3 Cd and As concentrations in soil solution, soil Eh, and pH
The lowest and the highest concentrations of Cd in the soil solution were detected in the Flooded and Drained treatments in
both soils, respectively (Fig. 3a). In both soils, the concentration of Cd in soil solution for each of the F5D3, F5D5, and F5D7
treatments was greater on the �nal day of drainage than it was on the �nal day of �ooding in the corresponding treatment. In
the H soil, the soil solution Cd concentration followed the orders of F5D3-F5 < F5D5-F5 < F5D7-F5, and F5D3-D3 < F5D5-D5 < 
F5D7-D7, where -F5 indicates the �fth day of �ooding and -D3, -D5, and -D7 indicate the third, �fth, and seventh days of
drainage, respectively. However, there was nearly no difference among the treatments in the W soil, except the Flooded
treatment showed the lowest soil solution Cd concentration (Fig. 3a). The concentrations of As in the H soil solution were
higher than those in the W soil in all treatments. The highest and lowest As concentrations were detected in the Flooded and
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Drained treatments in both soils, respectively. In both soils, the concentration of As in soil solution for each of the F5D3, F5D5,
and F5D7 treatments was lower on the �nal day of drainage than it was on the �nal day of �ooding in the corresponding
treatment (Fig. 3b).

Soil pH values in H soil were greater than those in W soil in all treatments. The highest (6.96 in soil W, 7.2 in soil H) and lowest
(6.3 in soil W, 6.7 in soil H) values of soil pH were observed in the Flooded and Drained treatments in both soils, respectively.
Among the optimized water management treatments, soil pH followed the order of F5D3 < F5D5 < F5D7 in both soils (Fig. 3c).

The highest and lowest values of soil Eh were detected in the Drained and Flooded treatments, respectively. The soil Eh ranged
from − 200–0 mV in the F5D3-F5, F5D5-F5, F5D7-F5, and Flooded treatments, but ranged from 0–300 mV in the F5D3-D3,
F5D5-D5, F5D7-D7, and Drained treatments. In F5D3-D3, F5D5-D5, and F5D7-D7, more drainage days corresponded to a higher
soil Eh (Fig. 3d).

3.4 Relationships between pairs of variables related to the absorption
and translocation of Cd and As in rice
The variation in grain Cd was signi�cantly and positively correlated with the variations in rachis, leave, stem, root, soil solution
Cd, Eh, the TFs of Cd from stems to rachises and TFs of Cd from roots to stems, with the variations in variables explaining
67.6–99.3% of the variation in rachis Cd. The concentration of Cd in roots was signi�cantly in�uenced by the soil solution Cd
and Eh, with the explanation of 99% and 63.7%, respectively. Negative signi�cant correlations were noticed between soil Eh and
pH and the TFs of Cd from rachises to grains, but positive signi�cant correlation was observed between soil Eh and the TFs of
Cd from roots to shoots (Table 2).

Statistically signi�cant positive correlations were found between As in grains and that in rachises, leaves, stems, roots, soil
solution Cd, and pH, but negative signi�cant correlation was detected between grains As and soil Eh, the variations in variables
explained more than 74.8% of the variation in grains As. Positive and signi�cant correlations were observed between roots As
and soil solution As, soil pH, and the TFs of As from rachises to grains, with the variations in variables explaining 94.9%, 90.2%,
and 65% of the variation in grains As, respectively; but negative and signi�cant correlation was found between roots As and
soil Eh, with an explanation of 87%. The soil solution As was positively and signi�cantly affected by the soil pH and the TFs of
As from rachises to grains, the variations in variables explained 84.1% and 67.6% of the variation in soil solution As,
respectively; but that was negatively and signi�cantly in�uenced by the soil Eh, with an explanation of 70.5%. In addition, the
variation in soil Eh was also negatively and signi�cantly correlated with the variation in soil pH, with an explanation of 74%.
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Table 2
Correlation analysis between pairs of variables related to Cd absorption and translocation in rice

    X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 Y

X1 R2   0.999 0.998 0.977 0.963       0.838 0.962 0.975

  P   < .0001 < .0001 < .0001 < .0001       0.002 < .0001 < .0001

X2 R2 0.999   0.997 0.975 0.961       0.825 0.958 0.971

  P < .0001   < .0001 < .0001 < .0001       0.003 < .0001 < .0001

X3 R2 0.998 0.997   0.986 0.976       0.838 0.975 0.984

  P < .0001 < .0001   < .0001 < .0001       0.002 < .0001 < .0001

X4 R2 0.977 0.975 0.986   0.990 0.637     0.847 0.994 0.991

  P < .0001 < .0001 < .0001   < .0001 0.047     0.001 < .0001 < .0001

X5 R2 0.963 0.961 0.976 0.990         0.820 0.990 0.987

  P < .0001 < .0001 < .0001 < .0001         0.003 < .0001 < .0001

X6 R2       0.637     -0.739 -0.742 0.866 0.676 0.676

  P       0.047     0.014 0.014 0.001 0.031 0.031

X7 R2           -0.739          

  P           0.014          

X8 R2           -0.742       -0.658  

  P           0.014       0.038  

X9 R2 0.838 0.825 0.838 0.847 0.820 0.866       0.860 0.877

  P 0.002 0.003 0.002 0.001 0.003 0.001       0.001 0.0008

X10 R2 0.962 0.958 0.975 0.994 0.990 0.676   -0.658 0.860   0.993

  P < .0001 < .0001 < .0001 < .0001 < .0001 0.031   0.038 0.001   < .0001

Y R2 0.975 0.971 0.984 0.991 0.987 0.676     0.877 0.993  

  P < .0001 < .0001 < .0001 < .0001 < .0001 0.031     0.0008 < .0001  

Notes: X1, X2, X3, X4, X5, X6, X7, X8, X9, X10, X11 and Y represent the Cd concentration in rachises, Cd concentration in leaves,
Cd concentration in stems, Cd concentration in roots, Cd concentration in soil solution, soil Eh, soil pH, TFs of Cd from
rachises to grains, TFs of Cd from stems to rachises, TFs of Cd from roots to stems, and Cd concentration in grains,
respectively; R2 is the Pearson correlation coe�cient. P values indicate signi�cant correlations at the 1% and 5% levels.
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Table 3
Correlation analysis between pairs of variables related As absorption and translocation in rice

    X1 X2 X3 X4 X5 X6 X7 X8 Y

X1 R2   0.877 0.906 0.790   -0.869 0.675   0.748

  P   0.0009 0.0003 0.006   0.001 0.032   0.012

X2 R2 0.877   0.941 0.955 0.858 -0.877 0.816   0.922

  P 0.0009   < .0001 < .0001 0.001 0.0008 0.003   0.0001

X3 R2 0.906 0.941   0.933 0.832 -0.905 0.832   0.925

  P 0.0003 < .0001   < .0001 0.002 0.0003 0.0028   0.0001

X4 R2 0.790 0.955 0.933   0.949 -0.870 0.902 0.650 0.965

  P 0.006 < .0001 < .0001   < .0001 0.001 0.0003 0.041 < .0001

X5 R2   0.858 0.832 0.949   -0.705 0.841 0.676 0.924

  P   0.001 0.002 < .0001   0.022 0.002 0.031 0.0001

X6 R2 -0.869 -0.877 -0.905 -0.870 -0.705   -0.739   -0.821

  P 0.001 0.0008 0.0003 0.001 0.022   0.014   0.003

X7 R2 0.675 0.816 0.832 0.902 0.841 -0.739   0.690 0.877

  P 0.032 0.003 0.0028 0.0003 0.002 0.014   0.027 0.0008

X8 R2       0.650 0.676   0.690    

  P       0.041 0.031   0.027    

Y R2 0.748 0.922 0.925 0.965 0.924 -0.821 0.877    

  P 0.012 0.0001 0.0001 < .0001 0.0001 0.003 0.0008    

Notes: X1, X2, X3, X4, X5, X6, X7, X8, and Y represent the As concentration in rachises, As concentration in leaves, As
concentration in stems, As concentration in roots, As concentration in soil solution, soil Eh, soil pH, TFs of As from rachises
to grains, and As concentration in grains, respectively; R2 is the Pearson correlation coe�cient. P values indicate signi�cant
correlations at the 1% and 5% levels, respectively.

3.5 AA pro�les in rice organs and factors in�uencing AAs
The total concentrations of essential amino acids (EAAs, including Try, Met, Thr, Leu, Val, Phe, Iso, and Lys) in organs followed
the order of stems > husks > roots within the same treatment. Thr and Val were detected as the dominant EAAs in both husks
and stems, and Val and Lys were dominant in roots. Met had the lowest concentration in the plant organs, followed by Iso. The
total EAA concentration decreased in husks and roots in the F5D3 treatment in W soil, mainly because of the decrease in Lys,
Thr, Phe (only in roots), and Val (only in roots) concentrations. However, the total EAA concentration of stems increased
gradually in the order of Flooded < F5D3 < Drained treatments in W soil, and the organs in H soil followed similar patterns,
chie�y due to increases in the concentrations of Lys, Phe, Val, and Thr (Fig. 4a-c).

The highest total non-essential amino acid (NEAA) concentration was detected in the Drained treatment in both soils. The
F5D3 treatment reduced the total NEAA concentration in both husks (mainly because of the decrease in Glu-mi and Asp
concentrations) and roots (owing to the reductions in Ala, Ser, Arg, Glu, Asp, and Pro concentrations) in W soil and only in roots
in H soil (chie�y because of the decrease in Ala, Ser, Arg, Glu-i, and Glu-a concentrations). The total NEAA concentrations in
husks increased gradually in the order of Flooded < F5D3 < Drained treatment in H soil (re�ecting an increase in the Glu-i, Asp,
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Glu-a, and Ser concentrations) and in stems in both soils (re�ecting an increase in the Glu-i, Asp, Glu-a, and Ala
concentrations). The total NEAA concentrations in organs exhibited the order of roots < stems < husks within the same
treatment condition. Asp-a was the main NEAA in husks and roots, followed by Ser, Glu-a, Glu-i, and Asp-t in husks and Glu-a,
Glu-i, Arg, and Cys in roots. However, the concentration of Glu-i was the highest in stems; Asp, Glu-a, Ser, and Ala were
secondary NEAAs with similar concentrations among them (Fig. 4d-f).

We analyzed the correlations between the changes in amino acid concentrations in husks and the other variables (Table S2).
The variations in Thr, Val, Try, Asp-a, Glu-a, and Gly concentrations positively and signi�cantly correlated with the TFs of Cd
from stems to rachises, soil solution As content, the TFs of Cd from stems to rachises, the TFs of Cd from rachises to grains,
the TFs of Cd from rachises to grains, and the TFs of As from rachises to grains, respectively; the variations in those variables
explained 83.1–90.4% of the variation in the concentrations of those AAs. The variations in Leu, Phe, and Cys concentrations
signi�cantly correlated with the variations in more than two other variables. The variations in both Leu and Phe concentrations
signi�cantly and positively correlated with the variations in both soil Eh and the TFs of Cd from stems to rachises, but
negatively and signi�cantly correlated with the variation in rachis As content. The variation in the Cys concentration positively
and signi�cantly correlated with grain As content and the TFs of Cd from rachises to grains. The variations in those variables
explained 83.8–95.0% of the variation in the concentrations of those AAs. The variations in Ser and Tyr concentrations
negatively and signi�cantly correlated with soil Eh, but positively and signi�cantly correlated with the variations in six
variables, including the variations in soil pH, the As contents of roots, leaves, stems, rachises, and grains, and the TFs of Cd
from rachises to grains, with the variations in those variables explaining 81.4–95.9% of the variation in the concentrations of
those AAs.

4. Discussion

4.1 Effects of optimized water management treatments on Cd and As
uptake and accumulation in rice
The highest and lowest plant organ Cd concentrations were found in the Drained and Flooded treatments, respectively, but the
highest and lowest plant organ As concentrations were found in the Flooded and Drained treatments, respectively. These
results are similar to those reported by Arao et al. (2009), Hu et al. (2013), Wan et al. (2019), and Mlangeni et al. (2019). For
both soils, the plant organ Cd concentrations were ranked in the following order: roots > other aboveground organs > grains, and
this same ranking was previously reported by Xie et al. (2015). The As contents of the rice plant parts followed the pattern:
roots > leaves > stems > rachises > grains in both soils, as was found by Wang et al. (2006) and Smith et al. (2008).

For reducing the Cd concentration of rice grains, the optimized water treatments F5D3, F5D5, and F5D7 reduced concentrations
of Cd in grains by 80.0%, 64.3%, and 18.5%, respectively, in W soil and by 90.8%, 82.4%, and 76.1%, respectively, in H soil,
compared with the Drained treatments, indicating that the treatment with the most days of �ooding (F5D3) was more e�cient
than those with fewer days of �ooding (both F5D5 and F5D7) at reducing grain Cd content. This result is probably attributable
to the differences in soil solution Cd concentrations and soil Eh among the different treatments, which is supported by the
positive and signi�cant correlations between the Cd contents of grains and soil solution (R2 = 0.98, p < 0.001) and between
grain Cd content and soil Eh (R2 = 0.68, p = 0.03), �ndings that are in agreement with those of Han et al. (2018). Optimized
water management could lead to changes in soil Eh that in�uence the redox state of soil and determine the bioavailability of
Cd (EI-Naggar et al., 2018). After soil �ooding, accompanied by a decrease in the soil Eh (Fig. 3), soil microbes respire using
oxidized components, such as SO4

2−, NO3
−, and Mn (VI/III) and Fe (III) species, and these species receive electrons and are

reduced to S2
−, NO2

−, Mn2+, and Fe2+ (de Livera et al., 2011). CdS then forms from a combination between S2− and Cd, which is
insoluble in water (Porter et al., 2004). When soil is drained, with higher Eh, sulphate concentrations in the soil solution
increased (Shaheen et al., 2016), and Cd sulphate is quite soluble (Porter et al., 2004). The concentration of dissolved Cd in the
soil solution is directly correlated with the amount of absorption by plants (Lofts et al., 2004; Zhang et al., 2016). Thus, the
phytoavailability of Cd could be manipulated using optimal water management. In addition, Cd accumulation in grains was
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strongly related to the Cd accumulations in all detected organs, (especially that in roots [R2 = 0.99, p < 0.0001]), root-to-stem Cd
TFs (R2 = 0.99, p < 0.0001), and stem-to-rachis Cd TFs (R2 = 0.88, p = 0.0008), indicating that the accumulation of Cd in grains
was closely related to that in other organs and to the translocation of Cd from roots to shoots. The accumulation of Cd in rice
grains is determined by xylem-mediated Cd translocation from root to shoot and phloem-mediated Cd transport (Uraguchi et
al., 2009; Kato et al., 2010). Thus, the e�cient reduction of Cd content in grains could be achieved by restraining Cd
accumulation in roots and inhibiting Cd transport from roots to shoots.

For reducing As concentrations in grains, the optimized water treatments F5D3, F5D5, and F5D7 reduced concentrations of As
in grains by 77.4%, 77.8%, and 86.7%, respectively, in W soil and by 73.1%, 77.2%, and 80.6%, respectively, in H soil compared
with the Flooded treatment. This indicated that the treatment with the most days of drainage (F5D7) was more e�cient than
those with fewer days of drainage (both F5D3 and F5D5) at reducing grain As content. These results were mainly related to the
differences in soil solution As content, soil Eh, and pH under the different water management treatments. This is supported by
the positive and signi�cant relationships between grain As content and the soil solution As concentration (R2 = 0.92, p = 
0.0001) and between grain As content and soil pH (R2 = 0.88, p = 0.0008); the negative and signi�cant relationship between
grain As content and soil Eh (R2 = -0.82, p = 0.03), which was also observed in a previous study (Marin et al., 1993), also
supports this. A signi�cant negative relationship between the Eh and pH in soils was also found in this study (R2 = -0.74, p = 
0.01) (Table 2), as has previously been found by Rinklebe et al. (2016). In treatments involving more days with anaerobic
conditions, the soil solution As concentration was higher than in those involving fewer days with aerobic conditions in both
soils (Fig. 2b). The soil solution As concentration was positively related to soil pH but negatively related to soil Eh; these same
relationships were reported in a previous study (Marin et al., 1993). When soil is drained and the accompanying increase in soil
Eh and decrease in soil pH occurs (Fig. 3), As(V) becomes the predominant inorganic As species. As (V) readily combines with
Fe and Al (hydr)oxides (Goldberg, 2002), and the resulting forms of As are less mobile and not easily absorbed by plants. When
soil is �ooded, soil Eh decreases and soil pH increases (Fig. 3), and As is released from those Fe and Al (hydr)oxides as As (V),
which is then reduced to As (III) and readily taken up by plants. A study by Norton et al. (2012) found that the As content of rice
grown in drained soil was usually 10 times lower than that of rice grown in �ooded soil. Soil pH was positively and signi�cantly
correlated with the soil solution As concentration, and the variation in pH explained 84.1% of the variation in soil solution As
concentrations (Table 2); this is consistent with the �ndings of Yamaguchi et al. (2011), who found that the solid/solution
distribution ratio for inorganic As (III and V) decreased signi�cantly with an increase in pH (from 5.5 to 7.0 and above). Thus,
alternating between �ooding and drainage in paddy �elds plays an important role in the variation in soil solution As
concentrations owing to its effects on soil pH and Eh, even in terms of As availability to rice plants (Takahashi et al., 2004;
Arao et al., 2009; Li et al., 2009). Therefore, the most e�cient means to alleviate As accumulation in rice would be to maintain
aerobic conditions during the growth season (Xu et al., 2008).

Compared with the W soil, Cd and As accumulation in rice in the H soil was higher, which probably is related to the higher total
Cd and As contents in H soil (which result mainly from industrial activities and domestic pollution), resulting in a higher soil
solution Cd concentration. However, recent studies have indicated that some soils are enriched in Cd but have low Cd
bioavailability. In acidic soils with relatively low total Cd contents, rice plants absorbed considerable amounts of Cd and
accumulated higher amounts of Cd in their grains (Wen et al., 2019). Based on a GIS analysis of soil geochemical survey data,
Xia et al. (2019) also noted that the spatial patterns of Cd concentrations in rice were not consistent with the soil Cd levels.
These quite distinct results imply that the soil Cd and As pollution evaluation methods need to continue improving through
best practices and take into consideration the bioavailability of Cd and As.

To evaluate the degree of trade-off between soil solution As and Cd concentrations and identify the optimal water
management strategy to simultaneously minimize the concentrations of both, we calculated the “trade-off value” in
accordance with a report by Honma et al. (2016). The minimum “trade-off value” was observed in the F5D3 treatments in both
soils, with a value of 0.86 and 0.26 in soils W and H, respectively. Thus, the F5D3 water treatment was most effective for the
simultaneous reduction of total dissolved Cd and As in both soils in this study. Among the three optimized water treatments
that we tested, the F5D3 treatment also was the most e�cient at concurrently reducing both the Cd and As contents of grains
from both soils. Therefore, F5D3 makes the simultaneous reduction of Cd and As uptake and accumulation by rice achievable
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by keeping the soil solution Cd and As concentrations low. Honmat et al. (2016) found that a treatment with three days of
�ooding and �ve days of drainage was the most e�cient for the simultaneous reduction of Cd and As concentrations in grains.
Clearly, the optimal water management strategy identi�ed by one or two studies is likely not applicable across all different soil
types (e.g., soils with different pH values, organic matter contents, cation exchange capacities, and Cd and As contents). It is
relatively di�cult to reduce Cd and As simultaneously in rice grains through water regimes alone in soil polluted with both Cd
and As.

4.2 Effects of optimized water management treatments on the AA
concentrations of organs and factors associated with the variation in
individual AAs in husks
In the F5D3 treatment, the total concentration of EAAs and NEAAs in husks and total EAAs in roots in W soil, as well as the total
concentration of the NEAAs in roots in both soils, were lower compared with those of the Flooded and Drained treatments, and
lower concentrations of Cd and As in rice organs were also detected in the F5D3 treatment compared with those detected in the
Flooded or Drained treatments, which indicates that it might not be necessary for rice to synthesize abundant AAs to chelate
metal ions in the F5D3 treatment. Studies in several species have indicated that many kinds of AAs (as Thr, Val, Pro, Glu, Gly,
and Lys, etc.) play vital roles in plant responses to various abiotic stresses (Bowne et al., 2012; Witt et al., 2012; Obata and
Fernie, 2012; Zhao et al., 2019; Yuan et al., 2020). Plant defense systems are activated under heavy metal stress, improving the
synthesis of defense-related AAs. For example, His is involved in nickel chelation (Kramer et al., 1996); Pro is a radical
scavenger that may participate in metal-ion chelation (Sharma and Dietz, 2006) as it is often detected in plants suffering from
heavy-metal stress (Matysik et al., 2002); Glu and Gly are separately responsible for the antioxidant and heavy-metal
detoxi�cation pathways, respectively (Wu et al., 2016; Yuan et al., 2020).

The total AA concentration in husks was higher than those in the stems and roots within the same treatment (Fig. 4), but also
most of the materials needed for grain �lling come from the photosynthesis of the husk, and the development of the husk
directly affects grain �lling, and AAs in the husk certainly regulate the levels of AAs in grains. Thus, we analyzed the correlation
between the changes in amino acid levels in the husks and other variables (Table S2). The results indicated that the variations
in Asp-a, Glu-a, and Gly contents were closely correlated with the rachis-to-grain TFs for Cd, Cd, and As, respectively; the
variation in Cys content was positively and signi�cantly correlated with grain As content and rachis-to- grains TFs, with the
variations of those variables explaining 85.5–90.4% of the variation for those AAs, as they did in Dwivedi et al. (2012). Glu and
Gly are components of glutathione and phytochelatins, which are respectively responsible for the antioxidant and heavy-metal
detoxi�cation pathways (Wu et al., 2016).The improvement of Glu synthesis is a signi�cant in�uencing factor for Cd
accumulation in rice grains and may thus alleviate Cd toxicity by forming the Glu-Cd complex (Yuan et al., 2020) or
synthesizing phytochelatins (PCs) and PC-Cd complexes (Pál et al., 2018). PCs have a [(γ-Glu-Cys)n]-Gly structure and can form
low molecular weight (LMW) complexes with Cd (PC-Cd) (Cobbett, 2000). The variation in Phe content displayed a close
correlation with the variation in soil Eh and the variation in the TFs of Cd from stems to rachises, but it was negatively and
signi�cantly correlated with the variation in rachis As contents. The latest research shows that the change in grain Phe
contents is closely related to the distribution of Cd in grains. Glu might act as the �rst line of defense, and Phe as the second
defensive line to constrain Cd transport under Cd-stress conditions (Yuan et al., 2020). The different responses observed for AA
synthesis in rice organs under optimal water management in Cd- and As-polluted soils may be helpful in maintaining the
balance related to water resource saving and to the yield and quality of rice. Further studies should build on what we have
demonstrated here and further elucidate the mechanisms underlying the interaction between water management and Cd and
As accumulation in rice with respect to AA synthesis.

5. Conclusions
Optimized water management in�uences Cd and As bioavailability in paddy soils, affecting Cd and As absorption and
translocation in rice. The F5D3 treatment was identi�ed as the most effective treatment for simultaneously decreasing the
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accumulation of Cd and As in grains. The variation in grain Cd contents was signi�cantly correlated with the variations in the
soil solution Cd concentrations, plant organ Cd contents, and TFs of Cd from roots to shoots. Signi�cant relationships were
found between grain As content and soil solution As content, pH, and soil Eh. The F5D3 treatment showed high e�ciency in
reducing dissolved Cd and As according to the minimum “trade-off value”, which is one possible reason that it simultaneously
reduced grain Cd and As contents in both soils. The F5D3 treatment decreased the AA contents of plant organs compared with
the levels observed in the Flooded and Drained treatments, and this was probably due to there being no need for rice to
synthesize abundant AAs to chelate metal ions. Overall, simultaneous reductions of both Cd and As accumulations in grains
could be realized through optimal water management in Cd- and As-polluted soils in an economical, e�cient, and ecologically
safe manner. This should be taken into consideration when carrying out current agricultural practices in contaminated soils in
China.
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Figures

Figure 1

Effects of the optimized water management treatments on Cd concentrations in shoots (grains, rachises, leaves, and stems)
(a) and roots (b), and As concentrations in shoots (grains, rachises, leaves, and stems) (c) and roots (d). A multiple comparison
test was conducted among different treatments within the same organ (α=0.05). The plotted columns are the mean ± SD (n=4).
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Figure 2

Effects of optimized water management treatments on the translocation factors (TFs) of Cd (a) and As (b) between the grains,
rachises, stems, and roots of rice plants. A multiple comparison test was conducted among different treatments within the
same TF (α=0.05). The plotted columns are the mean ± SD (n=4).
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Figure 3

Effects of optimized water management treatments on the concentrations of Cd (a) and As (b) in soil solution, soil pH (c), and
Eh (d). F5D3-F5, F5D5-F5, and F5D7-F5 means the �fth day of �ooding in the F5D3, F5D5, and F5D7 treatments, respectively;
F5D3-D3, F5D5-D5, and F5D7-D7 means the third, �fth, and seventh days of drainage in the F5D3, F5D5, and F5D7 treatments,
respectively. A multiple comparison test was conducted among different treatments within the same soil (α=0.05). The plotted
columns are the mean ± SD (n=4).
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Figure 4

Effects of optimized water management treatments on the concentrations of the essential amino acids (EAAs, Tryptophan
[Try], Methionine [Met], Threonine [Thr], Leucine [Leu], Valine [Val], Phenylalanine [Phe], Isoleucine [Iso], and Lysine [Lys]) and
the non-essential amino acids (NEAAs, Cysteine [Cys], Alanine [Ala], Serine [Ser], Arginine [Arg], Glutamine [Glu-i], Glycine [Gly],
Asparagine [Asp-a], Glutamate [Glu-a], Tyrosine [Tyr], Histidine [His], Proline [Pro], and Aspartate [Asp-t]) in the rice organs in two
soils. (a), (b), and (c) represent the concentrations of EAAs in husks, stems, and roots, respectively. (d), (e), and (f) represent the
concentrations of NEAAs in husks, stems, and roots, respectively.
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