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This study was conducted to understand why and how the technologies of variety

screening, foliar dressing, and water management can reduce As/Cd accumulation and

affect the concentrations of essential elements in different rice plants. In Trial I (variety

screening), the grain As and Cd concentrations in Zhongguyou1361 variety (P3) were

both lower than their individual National Food Hygiene Standard of China (NFHSC)

under insufficient field drying condition. The P3 also had a relatively high yield and high

essential element contents among 15 selected rice varieties. In Trial II (foliar dressing),

selenite foliar spray showed a better ability than silicate to reduce the grain As content in

Guangliangyou1128 variety (P1). However, spraying Se and Si onto the Fengliangyou1

variety (P2) both showed a limited effect on the grain As and Cd contents, suggesting

a different effect of Se on grain As content in various rice varieties. The insufficient field

drying in Trial II resulted in the grain Cd content being lower but the grain As content

being higher than their individual NFHSC in both P1 and Fengliangyou1 (P2) varieties.

Se or Si did not affect the yields and the grain contents of most essential elements in

P1 and P2. In Trial III (water management), increasing field drying time enhanced the Cd

content but reduced the As content in the grains of P1, P2, and P3, and maintained

their yields. Similar to the results of Trial II, the changes in soil pH, organic matter

concentration and elemental available concentrations could hardly be used to explain

why the contents of corresponding essential elements kept approximately constant in

the grains of different rice varieties. Foliar dressing with selenite combined with water

regulation can simultaneously reduce the As and Cd contents, and maintain the yields

and the essential element contents in the grains of rice plants cultivated in As− and Cd−

contaminated soil.
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INTRODUCTION

The rapid development of industry and agriculture in China has
resulted in a worsening of the environment, and heavy metal and
metalloid soil contamination is a particularly prominent issue
(Cheng, 2003). In 2014, a countrywide survey of soil pollution
status in China shows that the cadmium (Cd) concentration in
7.0% of total soil samples and the arsenic (As) concentration
in 4.8% of total soil samples exceeds their individual Chinese
environmental quality standard for soils.

Crops can accumulate considerable amounts of heavy metals
(metalloids), which can not only seriously affect the growth and
development of crops, but also threaten the health of animals and
humans through the food chain (Liu et al., 2008; Zhai et al., 2008).
Rice plant, the main grain crop in China, is prone to accumulate
As and Cd in its grains (Sun et al., 2010). The co-accumulation
of As and Cd in rice plants has emerged as a prominent issue in
China and other Asian countries (Wang and Stuanes, 2003; Liu
H. Y. et al., 2005; Williams et al., 2009). Therefore, it is crucial to
explore some technologies to control their contents in the grains
of rice plants.

Currently, researchers often use some remediation techniques
to reduce heavy metal (metalloid) contents in rice plants,
primarily via in-situ passivation, foliage dressing, and water
regulation (Friesl et al., 2003; Guo et al., 2006; Zahedi et al.,
2009; Hu et al., 2013; Zhou R. et al., 2017; Zhou Y. et al.,
2017; Zhou Y. Y. et al., 2017). Sometimes in-situ passivation
exhibits a noticeable remediation effect at the cost of a high
cost and a damaged soil structure or fertility. Therefore, it is
imperative to find a remediation technique characterizing with
easy accessibility, economy, and environmental friend to reduce
the contents of heavy metals (metalloids) in crops. Flooding is
reported to effectively reduce Cd content in rice plants (Bingham
et al., 1976; Arao et al., 2009), which involved in a reduced
reaction of SO2−

4 to S2− in soil driving by some physical,
chemical, and microbiological factors; and the S2− will then react
with Cd to form an insoluble compound thereby reduce the Cd
availability in soil (Bingham et al., 1976). However, flooding also
markedly increases the available As concentration in soil, thus
resulting in an enhanced As uptake in rice plants (Xu et al.,
2008; Arao et al., 2009). In contrast to the cultivation pattern
of flooding, rainfed cultivation, or alternate wetting and drying
can substantially reduce the As content in rice plants (Xu et al.,
2008; Li et al., 2009). The results of our recent field trials also
demonstrated that when the rice varieties Fengliangyou 4 and
Fengliangyouxiang 1 were grown in soil contaminated with Cd
and As, field drying increased the grain Cd content and yield;
however, insufficient field drying resulted in the grain As content
exceeding the NFHSC (Liao et al., 2016).

In addition, foliar fertilizers like silicon (Si) are found to
be able to effectively control the Cd content in various parts
of rice plants (Shi et al., 2005). Appropriate levels of selenium
(Se) can also reduce the uptake of Cd, lead (Pb), mercury (Hg),
and As in plants, affording them a extra ability to resist the
toxicity of these elements (He et al., 2004; Ding et al., 2015).
Our previous study has shown that the high grain As content
in the grains of Fengliangyou 4 due to a insufficient field drying

could be significantly lowered by the extra foliage dressing with
Se (Liao et al., 2016). Above results suggest that it is feasible
to simultaneously reduce the As and Cd contents in the grains
via water management combined with foliar dressing. Moreover,
foliage dressing with Se can improve the Se content in rice grains
and increase the average daily Se intake among residents living in
Se-deficient areas.

When reducing the contents of heavy metals (metalloids) in
rice grains using the relevant techniques, attention must be given
to the effect of the techniques on rice growth and grain quality.
Such research has been relatively lacking thus far. Moreover, the
results of field trials are subjected to the constraints of climate and
rice variety, requiring the data to be verified by successive trials
at the same sites. On Here we hypothesize that these technologies
can efficiently control the Cd and As accumulation and maintain
the contents of essential elements in the grains of rice plants
regardless of the changes in climate and rice variety.

Therefore, on the basis of our recent field trials, we conducted
a continual study on variety screening, foliage dressing, and water
regulation techniques to: (1) screen out some variety resources of
rice plants which can accumulate low levels of Cd and As in their
grains; (2) assess the efficiency of these technologies in reducing
Cd and As accumulation andmaintaining the yield and quality of
rice grains.

MATERIALS AND METHODS

Field Trial Site
This field study was carried out in 2015 and the field trial site was
described in detail by Liao et al. (2016). The site was divided into
three fields: the soil in the field used for the variety screening trial
had a pH of 7.46, a Cd concentration of 3.39mg kg−1, and an As
concentration of 47.63mg kg−1; the soil in the field used for the
water management trial had a pH of 6.27, a Cd concentration of
2.74mg kg−1, and an As concentration of 41.96mg kg−1; and the
soil in the field used for the foliage dressing trial had a pH of 6.87,
a Cd concentration of 1.58mg kg−1, and an As concentration
of 54.10mg kg−1. According to the secondary standards in the
Chinese Soil Environmental Quality Standards (GB15618-1995),
soil Cd concentrations in the three fields exceeded the quality
standards by 456, 356.67, and 163.33%, respectively; soil As
concentrations in the three fields exceeded the quality standards
by 90.52, 67.84, and 116.4, respectively. The soil in all three fields
represents typical Chinese farmland soil with combined heavy
metal contamination.

Trial Design and Management Procedure
Trial I: Variety Screening
Fifteen rice varieties were selected for the variety screening
trial. The variety names are listed in Table 1. Liao et al. (2016)
provided detailed information onplot design, basal fertilizer
application, and field management procedures. The variety
screening trial was performed in 15 plots (7 × 5m each). A
30-cm-wide space was left between adjacent varieties to aid
in differentiating amongeach variety during planting. When
seedlings were transplanted, each plot was basal-dressed with 1 kg
of compound fertilizer (51% N26P10K15, Fuguan Manufacture
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TABLE 1 | Names and their related abbreviations of selected 15 rice varieties.

Serial number Names of variations

p1 Guangliangyou1128

p2 Fengliangyou1

p3 Zhongguyou1361

p4 Jingyou6510

p5 Benliangyou639

p6 Qiliangyou908

p7 Ruiliangyou5

p8 Guangliangyouxiang66

p9 Hualiangyou1206

p10 Xiangliangyou396

p11 Tunyou668

p12 Tianliangyou6218

p13 Liangyou3313

p14 Liangyou28

p15 Fueyou6981

City, China). In mid-June, each plot was top-dressed with
0.75 kg of special fertilizer (Zhongli Bioengineering Co. Ltd.,
Chongqing, China; containing 10% mefenacet and 0.01%
bensulfuron-methyl). In early July, each plot was top-dressed
with 0.45 kg of compound fertilizer (N26P10K15). The field was
dried for 5 days from late tillering to the panicle initiation
stage. Foliar compound fertilizer, “Penshibao” (Guangxi Beihai
Penshibao Co. Ltd., Beihai, China), was sprayed in combination
with pest control on the field at the end of July to early
August.

Trial II: Foliage Dressing
Two rice varieties, P1 and P2, were selected for the foliage
dressing trial. Foliage dressing was conducted in five treatments:
no foliage dressing (CK); foliage dressing with 5mg L−1 Se (Se1);
foliage dressing with 8mg L−1 Se (Se2); foliage dressing with
0.568 g L−1 Si (Si1); and foliage dressing with 1.42 g L−1 Si (Si2).
Each treatment was performed in three replicates, with 30 plots
in total using a randomized block design. Foliar fertilizer was
sprayed twice (10 L solution per time), once each at the tillering
and grain-filling stages. The foliar fertilizer consisted of analytical
grade Na2SiO3•9H2O and Na2SeO3. Soil fertilization and other
practices followed the same procedure as described in section
Trial I: Variety Screening.

Trial III: Water Management
Three rice varieties, P1, P2, and P3, were selected for the
water management trial. Water management was performed in
three treatments: flooding throughout the rice growth period
(treatment 1); field drying for 5 days from late tillering to the
panicle initiation stage(treatment 2); and field drying for 10
days from late tillering to the panicle initiation stage(treatment
3). Each treatment was performed in three replicates, and the
trial was conducted using a randomized block design, with 27
plots in total. Soil fertilization and other practices followed

the same procedure as described in section Trial I: Variety
Screening.

Sample Collection and Analysis
Collection and Processing of Soil and Plant Samples
Five plants (the entire plant with roots and soil) were collected
from each plot using the quincunx sampling method. The plants
were separated into two parts: shoots and roots. The shoots
were placed in a mesh bag; after being washed, the panicles were
separated and air-dried for yield measurement. The roots were
placed in a different mesh bag after most of the soil adhering to
the roots was removed. The roots were air-dried, and the attached
soil was brushed off and collected as rhizosphere soil. In trials II
and III, a portion of the rhizosphere soil was taken to analyze the
pH (water: soil ratio= 5:1), organic matter content, and contents
of available As, Cd, and essential elements. Air-dried panicles
were threshed, and the obtained brown rice was pulverized using
a small pulverizer, followed by digestion. The rhizosphere soil was
passed through a 100-mesh sieve and, together with the rice grain
samples, analyzed for Cd, As, Se, and essential elements. The
digestion of soil and plant samples was performed as described
by Liao et al. (2016).

Extraction of Available Elements From Rhizosphere

Soil
Soil samples (5 g) were weighed into plastic bottles, and 25mL
of 0.1mol L−1 HCl extraction solution was added to each
sample. The soil suspensions were shaken in an oscillator (25◦C,
180 r/min) for 2 h and then filtered. The filtrates were collected
and stored until analysis. Inductively coupled plasma–mass
spectrometry (iCAP Qc ICP–MS, Thermo Fisher, San Jose, CA,
USA) was used to determine the available element concentrations
in the rhizosphere soil and the element contents in the digested
soil and plant samples (Ibaraki et al., 2010).

Determination of Organic Matter Content in

Rhizosphere Soil
Soil samples (0.1 g) were weighed into dry test tubes, and to
each tube, 5mL of 0.8mol L−1 1/6 K2Cr2O7 standard solution
was added, followed by 5mL of concentrated H2SO4. After the
soil suspensions were thoroughly mixed, the tubes were placed
in a phosphoric acid bath. Once the solution began to bubble
in the tubes, time was recorded for 5min of boiling. After
cooling, the samples were transferred into Erlenmeyer flasks with
ultrapure water and titrated with 0.2mol L−1 ferrous sulfate;
Phenanthroline was used as an indicator. The color changed from
orange-yellow to blue-green and then to brick red, which was
taken as the endpoint of the titration (GB 9834-1988).

Statistical Analysis
Each treatment was performed in three replicates. Data were
analyzed using a one-way analysis of variance with Tukey’s
multiple comparison (P ≤ 0.05). Statistical analysis was
performed using SPSS17.0 software (SPSS Inc., Chicago, IL,
USA). Plots were generated using Sigmaplot (SPSS Inc., Chicago,
IL, USA).
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RESULTS

Variety Screening Trial: Grain Yields and
Element Contents
In trial I, 15 rice varieties were selected (Table 1). As shown in
Figure 1, the Cd content was relatively low in the grains of the 15
rice varieties, none of which exceeded the NFHSC (0.2mg kg−1).
Nevertheless, the As content was relatively high in the rice grains,
except for P3 and P8, which were below theNFHSC. The contents
of Mg, K, and Ca in the grains of P1 were the highest, and the
grain Mn, Fe, Cu, Zn, and contents and grain yield for P1 were
also at a high level compared with the other 14 rice varieties
(Table 2). Among the 15 varieties, P4 had the lowest grain yield,
with relatively low levels of Mg, K, Cu, and Zn. P6 had the highest
grain yield, and the contents of essential elements (except for Zn)
were below the respective average levels. P3 had an above average
grain yield and Ca, Mn, Cu, and Zn contents, whereas its Mg, K,
and Fe contents were close to the respective average levels. P8 was
lower than P3 in terms of its grain yield and Mg, K, Ca, Mn, Cu,
and Zn contents; however, the Fe content was higher in grains of
P8 compared with those of P3.

FIGURE 1 | (A,B) The contents of As and Cd in the grains of 15 rice varieties

in Trial I. The abbreviations of P1 to P15 denote the names of 15 rice varieties

already illustrated in Table 1. Dotted line in (A) refers to the national standard

of As in rice grains.

Foliage Dressing Trial
Rhizosphere Soil pH, Organic Matter Content, and

Available Element Concentrations
Foliage dressing did not significantly affect the organic matter
content in the rhizosphere soil of P1 or P2, except that the value of
P2 in the control (CK) treatment was significantly higher than the
other treatments (Table 3). The Se and Si treatments significantly
increased the rhizosphere soil pH of P1 compared with CK,
except that it was not significantly affected by the Si2 treatment.
Unlike the results of P1, the Si2 treatment significantly increased
the rhizosphere soil pH of P2, whereas the remaining Se and
Si treatments showed no significant effect on it when compared
with CK (Table 3).

When compared with the CK, the Se2 treatment significantly
increased the available Mg concentration of rhizosphere soil
of P1, and reduced the available K concentration, but had no
significant effect on the available concentrations of Ca, Mn, Fe,
Cu, Zn, and As. The Se1 treatment remarkably reduced the
available Cd concentration of rhizosphere soil of P1, but Se2
treatment showed no significant effect on it when compared
with the CK (Table 3). Compared to the CK treatment, the
Si2 treatment noticeably reduced the available K and Ca
concentrations in the rhizosphere soil of P1, and significantly
enhanced the available Fe and Cu concentrations, but showed no
significant effect on the available concentrations of other tested
elements. The Si1 treatment significantly reduced the available
Mg concentration in the rhizosphere soil of P1 as compared with
the CK treatment, but Si2 treatment showed no significant effect
on it (Table 3).

In terms of P2, when compared with the CK treatment, the Se2
treatment obviously increased the rhizosphere soil available Mg
concentration, and reduced the available As concentration, but
had no significant effect on the available concentrations of other
elements. The Se1 treatment significantly reduced the available
Mn, Zn, and Cd concentrations, but increased the available Fe
concentration compared to the CK treatment. The Si2 treatment
significantly reduced the availableMn, Fe, and As concentrations;
however, the Si1 treatment significantly reduced the available
Mg, K, Zn, and As concentrations but increased the available Fe
concentration.

Grain Yield and Element Contents
All the treatments containing Se or Si did not significantly affect
the grain As content in both P1 and P2, except for the Se2
treatment where it significantly decreased the As content in the
grains of P1 (Figure 2A) to be still higher than the NFHSC. The
Cd content in the grains of P1 and P2 in all the treatments was
lower than the NFHSC. However, it is worth mentioning that
the Se1 treatment significantly enhanced the grain Cd content in
P2 when compared with the CK, which was still lower than the
NFHSC (Figure 2B).

The Se contents in the grains of P1 and P2 were significantly
increased with increasing Se treatment concentrations
(Figure 2C). The Se content in the grains of P1 fell into
the range of 0.06–0.40mg kg−1, but that in the grains of P2 was
within the range of 0.14–0.49mg kg−1 (data not shown). As
compared with the CK treatment, the grain yields of P1 and P2
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TABLE 2 | The yields and the contents of some essential elements in the grains of 15 rice varieties in Trial I.

Variations Mg K Ca Mn Fe Cu Zn Yields

(mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (mg kg−1) (kg/667 m2)

p1a 12.62 26.40 1.71 18.87 0.12 3.77 16.73 625.2

p2 9.77 14.86 1.53 16.65 0.08 4.08 16.07 649.8

p3 10.33 16.41 1.61 17.95 0.09 3.81 15.44 671.4

p4 8.79 14.60 1.59 19.07 0.14 2.91 12.53 369.6

p5 11.68 17.22 1.53 19.38 0.12 3.36 16.37 609.8

p6 9.60 14.53 1.39 16.34 0.10 3.37 16.38 702.2

p7 12.60 17.14 1.31 16.17 0.13 4.69 17.08 637.5

p8 8.31 14.87 1.55 9.94 0.11 3.57 14.97 631.3

p9 10.42 16.77 1.33 15.21 0.12 3.37 12.44 612.9

p10 11.18 16.21 1.24 16.22 0.09 3.52 15.60 600.5

p11 12.43 17.41 1.45 20.01 0.11 4.04 15.17 579.0

p12 11.10 17.30 1.64 19.86 0.09 4.25 15.79 455.8

p13 10.52 15.08 1.65 17.43 0.14 3.54 10.25 551.3

p14 8.25 15.31 1.57 16.51 0.13 2.97 18.72 542.0

p15 10.68 25.47 1.69 14.18 0.13 2.43 15.16 600.5

Averages of 15 varieties 10.55 17.31 1.52 16.92 0.11 3.58 15.25 589.25

aP1 to P15 denotes the name abbreviations of 15 rice varieties already illustrated in Table 1.

were not significantly affected by the foliar spraying of Se and Si
(Figure 2D).

In P1 variety, the treatments containing Se and Si showed a
non-significant effect on the contents of all tested elements in the
grains, except for the Si2 treatment where the grain Fe content
was significantly reduced (Table 4). In terms of P2 variety, when
compared with the CK treatment the foliar sprayings of Se and Si
remarkably reduced the grain Ca content, and the Si1 treatment
significantly enhanced the grain Fe content, but other treatments
showed a non-significant effect on the grain contents of Mg, K,
Mn, Fe, Cu, and Zn (Table 4).

Water Management Trial
Rhizosphere Soil pH, Organic Matter Content, and

Available Element Concentrations
When compared with the flooding treatment, the field drying
treatment showed a non-significant inhibitory effect on the
rhizosphere soil pH value of all of the varieties of rice
plants (Table 5). The effects of field drying treatments on
the concentrations of rhizosphere soil organic matters differed
largely with rice varieties. When compared to the flooding
treatment, the field drying treatments showed a limited effect on
the concentration of soil organic matters of P1 variety, but the
treatment of field drying for 5 days significantly enhanced the
concentrations of soil organic matters of P2 and P3 varieties.
Interestingly, the treatment of field drying for 10 days showed
a non-significant effect on the soil organic matter content of
P2 variety when compare with the flooding treatment, however
significantly reduced the soil organicmatter content of P3 variety.

Concerning the P1 variety, when compared with the flooding
treatment, the treatment of field drying for 5 days significantly
enhanced the concentrations of available Mg, K, Cu, and As in
the rhizosphere soil, but showed a limited effect on the available

Ca, Mn, Fe, Zn, and Cd concentrations. The treatment of field
drying for 10 days significantly reduced the available Mg, K,
Ca, Mn, Cu, and Zn concentrations, but significantly enhanced
the available Fe and As concentration when compared with the
flooding treatment. The field drying seemed to show a non-
significantly negative effect on the available Cd concentration
(Table 5).

When compared with the flooding treatment, the treatment
of field drying for 5 days significantly reduced the available Mg,
Mn, Fe, Cu, and Zn concentrations, and increased the available
K concentration, but non-significantly affected the available Ca
and As concentrations in the rhizosphere soil of P2 variety.
When compared with the flooding treatment, the treatment of
field drying for 10 days significantly reduced the available Mg,
Ca, Mn and Cu concentrations, and increased the available As
concentration; but non-significantly affected the available K, Fe,
and Zn concentrations in the rhizosphere soil of P2 variety.
The field drying treatments seemed to show a non-significantly
negative effect on the soil available Cd concentration (Table 5).

When compared to the flooding treatment, the treatment of
field drying for 5 days significantly increased the availableMg and
K concentration, and non-significantly affected the available Ca,
Mn, Fe, Cu, Zn, As, and Cd concentrations in the rhizosphere
soil of P3 variety. When compared with the flooding treatment,
the treatment of field drying for 10 days significantly reduced the
available Mg, Ca, Mn, and Cu concentrations, and increased the
available Fe concentration, but showed a non-significant effect on
the available K, Zn, As, and Cd concentrations in the rhizosphere
soil of P3 variety (Table 5).

Grain Yield and Element Contents
As shown in Figure 3A, when compared with the flooding
treatment, the treatment of field drying for 5 days significantly
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FIGURE 2 | The yields (D) and contents of As (A), Cd (B), and Se (C) in the grains of P1 and P2 in Trial II. The abbreviations of P1 and P2 denote the names of two

rice varieties already illustrated in Table 1. Bars are means and standard error for the mean of three replications. Different letters above bars indicate significant

difference at P ≤ 0.05 between treatments (lowercase letters and capital letters denote significant difference between different treatments for P1 and P2 variety,

respectively). Se1 and Se2 indicate foliage dressing with 5 and 8mg Se L−1, and Si1 and Si2 indicate foliage dressing with 0.568 and 1.42 g Si L−1. CK indicates no

foliage dressing. Dotted line in (A,B) refers to the national standard of As and Cd in rice grains.

reduced the As content in the grains of P1 and P3 varieties to
be lower than the NFHSC, but non-significantly reduced the As
content in the grains of P2 variety. However, when compared to
the flooding treatment, the treatment of field drying for 10 days
significantly reduced the As content in the grains of all three rice
varieties to be lower than the NFHSC.

In the flooding treatment, except for P3 variety, the Cd content
in grains of both P1 and P2 varieties exceeded the NFHSC
(Figure 3B). When compared with the flooding treatment, the
treatment of field drying for 10 days significantly enhanced
the Cd content in the grains of all three rice varieties, being
far higher than the NFHSC (Figure 3B). In general, the field
drying treatments showed a limited effect on the yields of P1,
P2, and P3, except that the treatment of field drying 10 days
significantly reduced the yield of P2 when compared with the
flooding treatment (Figure 3C).

When compared with the flooding treatment, the field drying
treatments showed a limited effect on the contents of Mg, K, Ca,
Mn, Fe, Cu, and Zn in the grains of P1 except that the treatment of
field drying for 5 days significantly reduced the grain Mn content
of P1 (Table 4). In terms of P2 variety, the field drying treatments
did not show a significant effect on the contents ofMg, K, Ca,Mn,

Fe, Cu, and Zn in the grains when compared with the flooding
treatment. The two treatments of field drying both significantly
reduced the Mn content in the grains of P3. Besides that the
treatment of field drying for 10 days significantly increased the
Ca content in the grains of P3, other field drying treatments did
not significantly affect the contents of Mg, K, Ca, Mn, Fe, Cu, and
Zn in the grains of P3 (Table 4).

DISCUSSIONS

In this study, we evaluated the field-scale effects of rice variety
screening, foliage dressing, and water management on the
element contents and yield in grains of rice grown in soil
contaminated with Cd andAs. The results of the variety screening
trial demonstrated that the element uptake and accumulation
capacities varied in different rice varieties, just like the results of
Morishita et al. (1987), Liu J. G. et al. (2005), and Norton et al.
(2009). Among the 15 rice varieties tested, the highest K, Ca, and
Mg contents appeared in the grains of P1; however, its As content
exceeded the NFHSC, whereas the Cd content did not. Neither
As nor Cd content exceeded the respective NFHSC in grains of

Frontiers in Environmental Science | www.frontiersin.org 7 March 2018 | Volume 6 | Article 3

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


Lei et al. Reduce As and Cd Accumulation

TABLE 4 | The contents of some essential elements in the grains of rice plants in Trial II and Trial III.

Variations Treatments Mg (mg kg−1) K (mg kg−1) Ca (mg kg−1) Mn (mg kg−1) Fe (mg kg−1) Cu (mg kg−1) Zn (mg kg−1)

P1 CK 9.62 ± 1.05aa 14.23 ± 1.16a 1.57 ± 0.19ab 15.98 ± 1.86ab 0.12 ± 0.02ab 3.09 ± 0.52a 12.79 ± 2.40a

Se1 10.74 ± 1.50a 16.01 ± 2.02a 1.98 ± 0.23ab 21.10 ± 2.99a 0.13 ± 0.00a 3.99 ± 0.26a 15.07 ± 3.44a

Se2 10.86 ± 1.63a 14.69 ± 1.15a 1.45 ± 0.07b 14.35 ± 1.86b 0.12 ± 0.01ab 3.03 ± 0.33a 12.62 ± 1.78a

Si1 9.56 ± 1.28a 13.12 ± 0.52a 2.12 ± 0.44a 15.76 ± 2.06ab 0.10 ± 0.01bc 3.04 ± 0.74a 15.22 ± 1.88a

Si2 9.80 ± 1.22a 16.05 ± 2.29a 1.58 ± 0.11ab 18.78 ± 1.19ab 0.07 ± 0.01c 3.27 ± 0.37a 17.27 ± 2.36a

P2 CK 8.62 ± 1.24A 16.29 ± 2.00A 2.86 ± 0.09A 16.39 ± 0.93A 0.10 ± 0.01B 3.78 ± 0.50A 12.56 ± 2.87A

Se1 9.99 ± 0.57A 17.14 ± 2.72A 1.52 ± 0.21B 17.80 ± 2.30A 0.10 ± 0.01AB 4.21 ± 1.01A 16.65 ± 1.35A

Se2 10.04 ± 1.04A 14.87 ± 0.82A 1.60 ± 0.11B 15.56 ± 2.16A 0.09 ± 0.00B 3.37 ± 0.16A 14.76 ± 1.59A

Si1 9.54 ± 0.27A 16.59 ± 2.08A 1.87 ± 0.15B 17.41 ± 4.26A 0.14 ± 0.02A 3.23 ± 0.53A 12.59 ± 0.12A

Si2 10.03 ± 1.51A 15.71 ± 1.64A 1.58 ± 0.11B 16.43 ± 3.03A 0.13 ± 0.03AB 3.79 ± 0.84A 16.09 ± 3.42A

Variations Drying times (D) Mg (mg kg−1) K (mg kg−1) Ca (mg kg−1) Mn (mg kg−1) Fe (mg kg−1) Cu (mg kg−1) Zn (mg kg−1)

P1 0 10.83 ± 1.37a 15.08 ± 0.59a 1.48 ± 0.02a 19.38 ± 4.01a 0.12 ± 0.02a 3.42 ± 0.81a 19.97 ± 0.84a

5 9.76 ± 1.27a 14.46 ± 1.92a 1.41 ± 0.16a 13.21 ± 0.17b 0.15 ± 0.04a 3.48 ± 0.62a 17.56 ± 2.87a

10 10.94 ± 2.03a 20.61 ± 7.41a 1.52 ± 0.16a 20.06 ± 0.68a 0.14 ± 0.01a 4.35 ± 0.87a 24.54 ± 4.31a

P2 0 10.12 ± 0.94AB 17.56 ± 3.78A 1.61 ± 0.02A 21.33 ± 3.65A 0.12 ± 0.01A 3.79 ± 0.69A 20.35 ± 2.09A

5 11.60 ± 1.03A 16.63 ± 0.41A 1.58 ± 0.03A 18.08 ± 3.92A 0.12 ± 0.03A 4.42 ± 0.16A 22.43 ± 0.16A

10 8.82 ± 0.20B 14.60 ± 1.06A 1.62 ± 0.09A 16.67 ± 3.21A 0.10 ± 0.02A 4.37 ± 0.11A 21.54 ± 1.05A

P3 0 10.28 ± 0.94(a) 16.23 ± 1.41(a) 1.58 ± 0.04(b) 22.48 ± 2.28(a) 0.13 ± 0.02(a) 3.59 ± 0.18(a) 23.12 ± 1.31(a)

5 10.88 ± 1.42(a) 16.65 ± 1.63(a) 1.62 ± 0.01(ab) 14.94 ± 1.59(b) 0.11 ± 0.02(a) 3.66 ± 0.78(a) 21.15 ± 3.26(a)

10 9.67 ± 0.77(a) 16.94 ± 2.31(a) 1.72 ± 0.06(a) 15.73 ± 2.87(b) 0.10 ± 0.01(a) 4.25 ± 0.34(a) 21.23 ± 0.93(a)

aValues are means ± SE (n = 3). The lowercases letters, (lowercases letters) and capital letters in the same column indicate significant differences among different treatments within the

variety of P1, P2, and P3, respectively (p ≤ 0.05).

P3 and P8. The majority of essential elements analyzed in this
study occurred at higher levels in the grains of P3 compared with
P8, and the grain yield was also higher in P3 compared with P1
and P8. The above results indicate that P3 is superior to the other
14 varieties when grown in soil contaminated with As and Cd.

In trial II, the Si2 treatment significantly increased the
rhizosphere soil pH of P2, whereas the increase was not
significant in P1. The increases in soil pH may be attributable
to the dissolution of Si fertilizer in soil after foliar application.
Liang et al. (2005) found that root dressing with 400mg kg−1 Si
significantly increased the pH of Cd contaminated soil. Similar
increases in soil pH after the addition of silicate was also
reported in the study of Li et al. (2012). Foliage dressing with
Se also increased the rhizosphere soil pH of P1. However, this
phenomenon is unlikely related to the dissolution of Se fertilizer
in soil because of the pKa1 of selenite at 2.63. We inferred that
the soil pH increased because Se affected the import and export
process of particular unknown substances in roots of the rice
root–soil system. In the present study, foliage dressing with Se
and Si exhibited different effects on the organic matter content
in the rhizosphere soil. For example, in the rhizosphere soil of
P1, the organic matter content was not significantly reduced by
foliage dressing with Se; however, a significant reduction was
observed in P2 by foliage dressing with Se. Additionally, in
the rhizosphere soil of P1, the organic matter content was not

significantly increased by foliage dressing with Si. However, a
significant reduction was observed in P2 by foliage dressing with
Si (Table 3). The significant reduction in the rhizosphere soil
organic matter content of P2 also indicates that foliage dressing
with Se and Si affects rice uptake and metabolism of particular
unknown organic substances in the rhizosphere soil.

In the present study, foliage dressing with Se and Si also
exhibited different effects on the available element concentrations
in the rhizosphere soil of various rice varieties. These effects were
also constrained by the concentrations of Se and Si treatments.
For example, the Se and Si treatments did not significantly affect
the available As concentration in the rhizosphere soil of P1,
but significantly reduced that of P2 compared with the control
(Table 3). Additionally, the Se2 treatment significantly increased
but the Si1 treatment significantly decreased the available Mg
concentrations in the rhizosphere soil of P1 and P2. Nonetheless,
no significant effect was observed for the Se1 or Si2 treatments
on the available Mg concentrations in the rhizosphere soil of
P1 and P2 (Table 3). The changes observed in the rhizosphere
soil pH could not be used to explainthe changes in the available
concentrations of particular elements in the soil. For example, the
rhizosphere soil pH of P1 was significantly increased for the Se2
treatment, whereas the corresponding available As concentration
was not significantly reduced (Table 3). It has been reported
that an increase in soil pH can improve the availability of soil
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FIGURE 3 | The yields (C) and contents of As (A) and Cd (B) in the grains of

P1, P2, and P3 in Trial III. The abbreviations of P1, P2, and P3 denote the

names of three rice varieties already illustrated in Table 1. Bars are means and

standard error for the mean of three replications. Different letters above bars

indicate significant difference at P ≤ 0.05 [lowercase letters, capital letters, and

(lowercase letters) denote the significant difference between different field

drying time in P1, P2 and P3 variety, respectively]. Dotted line in (A,B) refers to

the national standard of As and Cd in rice grains, respectively.

As, which is inconsistent with the results from the present
study. Other unknown factors might have affected the available
concentrations of soil elements in our study. Liang et al. (2005)
found that root dressing with 50mg kg−1 Si fertilizer promoted

the growth of wheat plants, without significantly affecting the
soil pH or available Cd concentration; nonetheless, Si fertilization
significantly reduced the Cd content in shoots while increased the
Cd content in roots of wheat. A similar finding was obtained in
the present study. Namely, the majority of elements exhibited no
correlation between the changes in the available concentrations
in the soil and the contents in the rice grains. For example,
the available Mg, K, Ca, and Fe concentrations significantly
increased or decreased in the rhizosphere soil of P1 and P2 after
foliage dressing with different Se or Si treatments compared with
the respective controls. However, the contents of the relevant
essential elements remained approximately constant in the grains
of the two aforementioned rice varieties.

Root dressing with Se (IV) can inhibit root development in
rice and reduce the proportion of fine roots, thereby decreasing
plant uptake of heavy metals and some essential elements
including Mg, K, Ca, Mn, Cu, and Zn (Feng et al., 2013b).
However, in the present study, we found that foliage dressing with
the Se and Si treatments did not significantly affect the contents
of essential elements in rice grains, except for Ca and Fe. The
discrepancy in the results demonstrates that root fertilization
and foliage dressing of Se may result in different effects on the
contents of various nutrients in rice grains. Foliage dressing or
root fertilization with Si and Se fertilizers has been reported to
reduce crop uptake of As and Cd (Neumann and Zur Nieden,
2001; Guo et al., 2007; Feng et al., 2013a,b,c), contributing to
yield enhancement(Hu et al., 2002; Singh et al., 2005). However,
foliage dressing with Se and Si did not significantly affect the
grain yields of rice in the present study. This may be attributable
to different contamination statuses, crop varieties, or Se and Si
dosages (Liao et al., 2016). Surprisingly, in trial II we found that
the As content exceeded the NFHSC, whereas the Cd content was
below the national level, in grains of two rice varieties. Moreover,
the grain As content was significantly decreased only in P1 for
the Se2 treatment, whereas the grain Cd content was significantly
increased (but still below theNFHSC) in P2 for the Se1 treatment.
In the present study, the rice planting period coincided with
the concentrated rainfall period in Hubei province, China. We
speculate that the above-standard As and below-standard Cd
contents in rice grains were correlated with the abundant rainfall
in the study year, which resulted in insufficient field drying.
Extensive studies have revealed that rainfed cultivation can
effectively reduce the As content while increasing the Cd content
in rice grains (Atkinson et al., 2007; Li et al., 2009; Hu et al., 2013).

The above speculation can be verified by the results of the
water management trial. Because the As content was significantly
reduced and less than its NFHSC whereas the Cd content was
significantly increased to be higher than its NFHSC in the grains
of three rice varieties after field drying for 10 days. This is
consistent with our recent finding (Liao et al., 2016). The above
result demonstrates that the soil water condition is a critical
factor for the uptake and accumulation of As and Cd in rice. The
results of the field drying trial also verified the finding in trial II
that the rhizosphere soil pH and available element concentrations
had no clear correlation with the element contents in rice grains.
For example, compared with the flooding treatment, field drying
did not significantly affect the rhizosphere soil pH and available
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Cd concentration or the contents of most elements in the grains
of three rice varieties, but significantly affected the available Mg,
K, Ca, Mn, Fe, Cu, Zn, and As concentrations in the rhizosphere
soil. It is worth mentioning that field drying demonstrated the
most significant effect on the reduction of As content in grains
of P3, relative to P1 and P2. Additionally, field dried for 5 days
resulted in the grain Cd content in P3 to be lower than P1 and
P2, being approximately equal to the NFHSC. The field drying
treatments had a limited effect on the yields of three rice varieties,
except that a significant adverse effect was observed in P2 with
field drying for 10 days.

Furthermore, a study suggested that the adult daily Se intake
should be limited to 50–300 µg (Institute of Medicine (US)
Panel on Dietary Antioxidants Related Compounds, 2000). In
present study, the highest content of Se in rice was 0.49mg kg−1.
Therefore, if the adults in China consume the rice produced in
this study (400 g of rice per day), the highest daily intake of Se
will reach up to 196 µg, being within the safe level for adults.

CONCLUSIONS

The results of trial I indicate that P3 is most suitable for planting
in soil contaminated with As and Cd, because of its lower
grain As and Cd contents below their respective NFHSC, and a
relatively high grain yield and high essential element contents
in the grains. In trial II, the insufficient field drying resulted
in the grain As content being higher than its NFHSC but in
the grain Cd content being lower than its NFHSC in both P1
and P2 varieties. However, the Se2 treatment could significantly
reduce grain As content in P1 but non-significantly in P2. In
trial III, field drying for 10 days could enhance the grain Cd
content to be higher than its NFHSC, but reduce the grain As
content to be lower than its NFHSC in all three rice varieties in

this study. The field drying treatments and the foliar dressing
of Se and Si could show different effects on the pH, the organic
matter concentration and the available concentrations of many
elements in the rhizosphere soils, but showed limited effects on
the yields and essential element contents in the grains of different
rice varieties.
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