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Abstract: Rice can accumulate more organic and inorganic arsenic (iAs) than other crop plants. In
this study, the localization of As in rice grains was investigated using High Performance Liquid
Chromatography-Inductively Coupled Plasma Mass Spectrometry (HPLC-ICP-MS) based on 26 rice
varieties collected from two provinces. In all the samples, the total As contents in polished rice were
0.03–0.37 mg/kg, with average values of 0.28 and 0.21 mg/kg for two sample sets. The results of the
determination of arsenic speciation in different components of rice grain showed that in the polished
and brown rice the mean value of arsenite (As(III)) was nearly twice than that of arsenate (As(V)). The
regional difference was observed in both total As contents and As speciation. The reason may be that
As(III) is more mobile than As(V) in a dissociated form and because of soil properties, rice varieties,
and the growing environment. The proportion of iAs and the total As in rice bran was higher than
that in polished rice, and this is because As tends accumulate between the husk and the endosperm.
In our study, selenium could alleviate the risk of arsenic toxicity at the primary stage of rice growth.
Co-exposure to As and Se in germinated rice indicated that the reduction in As accumulation in
polished rice reached 73.8%, 76.8%, and 78.3% for total As, As(III), and As(V) when compared with
rice treated with As alone. The addition of Se (0.3 mg/kg) along with As significantly reduced the
As amount in different parts of germinated rice. Our results indicated that Se biofortification could
alleviate the As accumulation and toxicity in rice crops.

Keywords: HPLC-ICP-MS; As(III); As(V); Se; rice; germinated

1. Introduction

Inorganic arsenic (iAs) is one of the top ten chemicals endangering global public health
and has been listed as a Group I human carcinogen by the International Agency for Research
on Cancer (IARC) [1]. Studies have shown that low levels of inorganic arsenic exposure in
drinking water and rice are associated with the risk of myocardial infarction and kidney
diseases [2,3]. Because of natural processes and various anthropogenic activities, such as
the weathering of rocks and the use of As-containing pesticides and herbicides in crop
production, arsenic is widely present in rice through arsenic transformation in flooded
paddy soil [4].

Because of the interactions between the rice rhizosphere and the arsenic in paddy soil
and the methylation process, the content and speciation of arsenic in rice are complicated
and have been the focus of attention as rice consumption is the major route of As exposure
to humans [5]. A study showed that the total As contents were 25–327 µg/kg based on
the analysis of 108 rice samples collected from 13 major rice-producing regions in China,
where iAs was the dominant species [6]. An investigation from Italy showed that the
mean total As content of 168 white rice samples was 155 ± 65 µg/kg, with the mean iAs
102 ± 26 µg/kg [7]. A total of 1180 polished (white) rice samples were analyzed from
29 distinct sampling zones of six continents with the mean inorganic arsenic 66 µg/kg and
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dimethylarsinic acid (DMA) 21 µg/kg [8]. The As contents showed significant differences
among producing areas, and the inorganic As was largely below the E.U. limit of 150 µg/kg
for polished or white rice because of the As transformation [9]. However, most investigative
attention has been focused on the concentration of inorganic arsenic in the polished rice.
The distribution of the inorganic arsenic and organic arsenic (also as organically bound As)
within the cereal grain will aid understanding of their location patterns and the impact of
processes such as milling.

Because silicon (Si) is especially essential for Oryza sativa, more than 10% of Si in
the dry weight of the leaves and husks was accumulated to ensure the high and stable
production of the paddy. Genes responsible for Si transport (OsLSi1 and OsLSi2) and PO4

3−

were found to be involved in the process of As(III), As(V), methylarsonic acid (MMA), and
DMA uptake from soil to grain. Si accumulation by Si fertilizer application can decrease As
accumulation for rice plants in arsenic-contaminated soils.

In order to control the As accumulation in rice plants, much research has found that
some sulfur-containing compounds, such as glutathione and phytochelatin, are responsible
for As complexation, and their existence affects As uptake, translocation, and accumulation.
Through the complexation of As(III) by glutathione and phytochelatins, this mechanism
could reduce As translocation to rice grain. Kumarathilaka P et al. showed that As(III)
translocation efficiency could be limited by its complexation with thiols [10]. In rice roots,
the formed As(III)–thiol complexation influences the accumulation of total As in rice
grains. At the same time, different MMA(V)–thiol complexes were also found in the rice
shoots and roots. A. K. Srivastava et al. reported that the supplementation of thiourea
to As(V) reduced the As concentration by 56% in the aerial parts through the significant
downregulation of the Lsi2 transporter [11] and the upregulation of sulfate transporters.
This supplementation increased the activities of sulfur assimilation-related enzymes and
then partially ameliorated the effects induced by As stress.

Recently, there has been research with respect to Se treatments for the accumulation of
As in grain. Nanoscale secondary ion mass spectrometry (NanoSIMS) analysis showed that
Se and S have similar distribution patterns, indicating these two elements are transported
and deposited in the grain based on the same pathway [12]. By antagonizing the toxic
effects of As, Se treatments have shown a mitigation effect on plant height, leaf dry weight,
and grain yield [13]. Some exposure assessments revealed that Se biofortification could
alleviate the As accumulation in rice [14] and significantly mitigate the harmful effect of As
on the reduced yield of rice grain [15]. However, a study found that Se fertilizer treatment
increased Se concentrations greatly but had no obvious effects on the concentrations of
Cd and As in brown and milled rice [16]. Although some contradictory results were
obtained, sulfur and selenium biofortification to decrease heavy metals in plants is a
worthwhile strategy in rice production. Recently, Fang-jie Zhao et al. identified that the
gain-of-function arsenite tolerant 1 (astol1) mutant of rice was related to enhanced sulfur
and selenium assimilation [17]. Based on the previous findings, an evaluation of selenium
assimilation associated with the mitigation of As in germinated rice was conducted in
this paper.

In this study, total As content and the localization of As speciation in rice were
investigated using HPLC-ICP-MS to analyze 38 samples from two rice-producing provinces.
The distribution patterns of As from the two areas were compared. To evaluate the effect of
the Se treatments on the accumulation of As in rice, the effect of the interaction between As
and Se in germinated rice was evaluated to better understand the mitigation effect of Se on
As contents and speciation.

2. Materials and Methods
2.1. Chemical and Standards

Nitric acid (HNO3, 65%, guaranteed grade) was purchased from Kermel Chemical
Reagent Co., Ltd. (Tianjin, China). Ultrapure water with a resistivity of 18 MΩ cm was
obtained from a Millipore-Q system (Bedford, MA, USA). Arsenic acid (As(V)), arsenious
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acid (As(III)), methylarsonic acid (MMA), dimethylarsinic acid (DMA), and selenite were
provided by Aladdin Reagent Co., Ltd. (Shanghai, China). Certified reference material for
the chemical composition of rice flour was provided by NCS Testing Technology Co., Ltd.
(Beijing, China).

2.2. Sample Collection and Preparation

In this study, a total of 38 rice samples were collected from local markets from 2 rice-
producing provinces. The raw rice material used for germination experiments was har-
vested in Jintan District, Changzhou City, Jiangsu Province.

Rice hull, rice bran, brown rice, and polished rice samples were prepared according to
the following steps. First, dust and impurities in the paddy were eliminated by a circular
sieve with a diameter of 2.0 mm. Subsequently, the JGMJ8098 rice huller (Shanghai Jiading
Cereals and Oils Instrument Co., Ltd., Shanghai, China) was employed for the husking
process of the rough rice to obtain brown rice and rice hull. The distance between two
rubber rollers was adjusted depending on the size and morphology of the rice grains.
The JNMJ6 rice milling machine (Zhejiang Taizhou Grain Instrument Factory, Zhejiang,
China) was used to produce polished rice from brown rice. The simultaneously yielded rice
bran was also collected. Finally, the JXFM110 hammer-type cyclone mill (Shanghai Jiading
Cereals and Oils Instrument Co., Ltd., Shanghai, China) was utilized to crush the rice hull
small enough to ensure that more than 95% of the sample powder could pass through a
40-mesh sieve.

2.3. Total Arsenic Analysis

The As in rice hull, rice bran, brown rice, and polished rice was extracted by the
microwave-assisted extraction method [18], and the parameters of the method are summa-
rized in Table 1. Specifically, 0.300 ± 0.001 g of the sample was weighed and digested by
the addition of 3 mL of 65% HNO3 and 2 mL of 30% H2O2 in a microwave digestion tube.
Then the samples were treated according to the conditions listed in Table 1 by microwave
digestion system. The obtained clear digestion solutions were evaporated by an electric
heater at 160 ◦C. The residue was transferred to a volumetric flask and fixed with 2% HNO3
solution to 10 mL. A reagent blank was used as a control. The content of arsenic in samples
was tested by ICP-MS.

Table 1. Parameters of the microwave-assisted extraction procedure.

Step Power (W) Temperature (◦C) Ramp Time (min) Hold Time (min)

1 1600 130 10 5
2 1600 160 5 5
3 1600 185 5 5

2.4. As Speciation Analysis

For As speciation, dilute HNO3 was used to extract inorganic arsenic and organic
arsenic from the rice hull, rice bran, brown rice, and polished rice samples. The process
followed the GB 5009.11—2014 method according to the previous method [6]. The heat-
assisted acid extraction method was adopted. Powdered rice samples of 1.000 ± 0.001 g
were weighed and placed into a 50 mL polypropylene centrifuge tube. A total of 20 mL of
0.15 mol/L HNO3 solution was added and the mixture was allowed to stand overnight.
Then, the samples were extracted at 90 ◦C for 2.5 h and shaken every 0.5 h for 1 min. The
solution was cooled to room temperature and centrifuged at 8000 rpm for 10 min. The
supernatant was filtered with 0.22 µm filters. The samples were stored at −80 ◦C before
speciation analysis. Arsenic species were determined using HPLC-ICP-MS. The parameters
of HPLC-ICP-MS for arsenic species determination are shown in Table 2. At the same time,
the reagent blank was prepared according to the same method.
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Table 2. Parameters of HPLC-ICP-MS for speciation analysis of arsenic.

Instrument Conditions Parameters

HPLC

Chromatographic Column Hamilton PRPX-100 (250 mm × 4 mm)
Flow Rate 1.0 mL/min

Injection Volume 50 µL

Mobile Phase 12.5 mmol/L sodium dihydrogen phosphate
buffer, pH = 8.0

ICP-MS

Radio-Frequency Power 1550 W
Collision Gas Flow Rate He, 4.0 mL/min
Carrier Gas Flow Rate 0.85 L/min
Plasma Gas Flow Rate 15 L/min

Sampling Depth 8 mm
Sampling/Skimmer Cone Nickel, 1.0 mm/0.4 mm

Scanning Mode Peak-hopping
Acquisition Mode Time-resolved data acquisition

Dwell Mode 300 ms
Integration Mode Peak area
Isotope Monitored 75 As

2.5. Effect of Selenium Application on Arsenic Uptake in Germinated Rice

Selenium at lower concentrations is reported to ameliorate the As stress on rice seed
germination [19]. The application of selenium to alleviate the risk of arsenic toxicity was
evaluated by the germination process. Germinated rice was prepared by seed germination
equipment at a controlled temperature (~25 ◦C). The seeds were germinated in water for
3 d. Se additions in water of 0, 0.3, 0.6, 1.2, and 2.4 mg/kg were used at the germination
process with the same levels of arsenite:

(1) Control: 3 mg/L arsenite without selenium addition;
(2) Se0.3: 3 mg/L arsenite with addition of selenium at 0.3 mg/kg;
(3) Se0.6: 3 mg/L arsenite with addition of selenium at 0.6 mg/kg;
(4) Se1.2: 3 mg/L arsenite with addition of selenium at 1.2 mg/kg;
(5) Se2.4: 3 mg/L arsenite with addition of selenium at 2.4 mg/kg.

Then the germinated samples were dried and stored at −4 ◦C. Finally, the paddy was
treated into the rice hull, rice bran, brown rice, and polished rice samples. The total As and
As speciation were detected as described before.

3. Results and Discussion
3.1. Total Arsenic Content in Different Parts of Rice Grain

Total As contents in rice samples were arranged based on the sample resources. A total
of 15 rice varieties (numbered 1–15) were arranged first, including 19 rice samples from
one province, where variety 1 had two rice samples and variety 9 had four rice samples.
The remaining 11 rice varieties (numbered 16–26) were arranged, including 19 rice samples
from another province, where varieties 16 and 18 both had two rice samples and varieties
19, 20, and 22 had three rice samples.

Certified reference material for the chemical composition of rice flour was used to
validate the established analytical method. The average value for two certified reference
materials were 0.19 and 0.13 mg/kg, with 3.0% and 4.3% relative standard deviations
(RSD, %).

As shown in Table 3, the total As contents in the polished rice samples were
0.03–0.37 mg/kg, with average values of 0.28 and 0.21 mg/kg for samples from two
provinces. Our data were consistent with Jia-Yi Chen et al. who reported that the to-
tal As contents in 108 rice samples was 0.025–0.327 mg/kg (0.120 mg/kg). In our results,
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all polished rice samples for rice varieties 1–15 showed a high concentration of total As
beyond 0.2 mg/kg [20]. The variable total As contents in rice and brown rice were ob-
served [21]. Hongping Chen et al. found total As contents at 0.011–0.186 mg/kg and
Nookabkaew et al. determined brown rice in Thailand to have a higher total As content
(0.118–0.346 mg/kg) [22,23]. WHO has set a permissible limit for iAs of 0.4 mg/kg for
brown rice, and for all the brown rice samples of rice varieties 16–26 the total As content
was lower than this maximum limit. The concentration of total As in the powdered samples
successively increased from the polished rice and brown rice to the bran and husk.

Table 3. Total As contents in rice samples collected from two provinces.

Rice
Varieties

Sample
Number

Rice Hull
(mg/kg)

Rice Bran
(mg/kg)

Brown Rice
(mg/kg)

Polished
Rice (mg/kg)

1–15 19 0.82
(0.46~1.54)

1.58
(1.00~2.53)

0.40
(0.33~0.63)

0.28
(0.21~0.37)

16–26 19 0.68
(0.54~0.89)

0.90
(0.58~1.25)

0.27
(0.23~0.31)

0.21
(0.03~0.28)

3.2. Determination of Arsenic Species in Different Parts of Rice Grain

Four arsenic species were detected by HPLC-ICP-MS. These four species existed in
rice samples with high frequency. Arsenic intake through rice in China is higher than from
drinking water, with a 37.6% contribution to the maximum tolerable daily intake (MTDI) of
As [24]. Each compound contained six concentration levels (1, 5, 10, 20, 50, and 100 ng/mL).
Peak areas were used for quantification as shown in Figure 1, and the linear was very
well defined for each compound. Correlation coefficients were higher than 0.992 for all
species. The obtained parameters were similar to those reported by M. Bissen et al. [25].
The analytical performance for determination of arsenic species was studied before by our
group [18].
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The results of the determination of the arsenic species As(III), As(V), MMA, and DMA
in different components of the paddy are shown in Table 4. No MMA was found in any of
the samples. This was consistent with the results in which MMA was below 10 µg/kg in all
the analyzed rice, rice crackers, rice-based infant cereal, and corn-based infant cereal [26].
Although the amount of MMA is usually low or negligible [27], some MMA could exist in
the husk, where inorganic and organic species have an equal proportion(%), as assessed by
X-ray absorption near-edge spectroscopy [28]. The low MMA revealed by our data was
consistent with the reports of Jia-Yi Chen et al. [6] and Meharg et al. [29].
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Table 4. Determination results of four arsenic species in rice samples (n = 3).

Rice
Varieties

Arsenic
Species

Rice Hull
(mg/kg)

Rice Bran
(mg/kg)

Brown Rice
(mg/kg)

Polished
Rice (mg/kg)

1–15

As(III) 0.53
(0.39~0.91)

0.65
(0.39~1.22)

0.19
(0.13~0.28)

0.12
(0.086~0.16)

As(V) 0.11
(0.011~0.022)

0.44
(0.28~0.76)

0.082
(0.037~0.11)

0.070
(0.036~0.11)

DMA 0.19
(0.055~0.43)

0.50
(0.33~0.88)

0.13
(0.083~0.24)

0.10
(0.071~0.13)

MMA - - - -

16–26

As(III) 0.40
(0.33~0.51)

0.38
(0.26~0.51)

0.12
(0.11~0.15)

0.099
(0.012~0.13)

As(V) 0.12
(0.043~0.17)

0.21
(0.10~0.41)

0.057
(0.03~0.077)

0.045
(0.0085~0.068)

DMA 0.16
(0.067~0.28)

0.32
(0.21~0.44)

0.091
(0.062~0.126)

0.067
(0.0096~0.099)

MMA - - - -

In the polished and brown rice, the sum of the mean values of As(III) and As(V) ranged
from 0.045 and 0.19 mg/kg, in which the concentration of As(III) was found to be the nearly
twice that of As(V) in the samples from both areas. The results of Jia-Yi Chen et al. also
indicated that the As(III) was found to be the major component [6]. This phenomenon was
related with arsenic species in soil. Much research has shown that As(III) is more mobile
and toxic than As(V), mainly in a dissociated form [30]. Arsenic mobility in soils was
associated with the species and the type of soil, and As(V) is considered of low mobility
and more strongly retained in the soil [31].

In Figure 2, As speciation in rice hull, rice bran, brown rice, and polished rice from
26 varieties (38 samples) is shown. In Figure 2A, the concentrations of As(III) in rice hull
and rice bran were comparable except in four varieties (5, 6, 7, and 10). The average concen-
trations of As(III) in the polished rice from two provinces were 0.12 and 0.099 mg/kg, which
were lower than that in bran about 4- to 5-fold. As shown in Figure 2B, the concentration of
As(V) was higher in rice bran than that in rice hull, brown rice, and polished rice. In rice
hull, the concentration of As(III) was obviously higher than As(V) and DMA. However, in
rice bran, the content of As(V) was lower than the content of As(III) and DMA. The average
concentrations of As(V) in polished rice were 0.070 and 0.045 mg/kg, which was the lowest
among the three detected As speciations. The results were consistent with an investigation
of the amount of As(III) in a global suite of 53 rice brans, which was higher than that of
As(V) [32]. A balanced presence of As(III): As(V) speciation shown by the 3C spectrum
of arsenic (As) µ-X-ray absorption near-edge spectroscopy spectra also indicated this phe-
nomenon [28]. The sum of As(III) and As(V) in rice bran from Thailand was previously
found to be around 0.6 mg/kg by Ruangwises et al. [33]. However, the total value was very
low in some samples (0.017 mg/kg from Guatemala and 0.021 mg/kg from Madagascar),
indicating the As in rice bran varied widely according to the global source [33]. In general,
the proportion of iAs and the total As in rice bran was higher than that of polished rice,
and this is because there is evidence that As is mainly localized between the husk and the
endosperm, such as the aleurone and outer parts of the endosperm [28].
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Figure 2. The concentration of As(III) (A), As(V) (B), and DMA (C) in rice hull, rice bran, brown rice,
and polished rice from 26 varieties (38 samples).

3.3. Total Arsenic and Speciation in Co-Exposure As and Se in Germinated Rice

In order to investigate whether selenium could alleviate the risk of arsenic toxicity at
the primary stage of rice growth, we focused on total arsenic and its speciation changes
in co-exposure to As and Se in germinated rice. In general, the total arsenic, As(III), and
As(V) in grains were decreased in the presence of Se for all Se added groups (0, 0.3, 0.6, 1.2,
and 2.4 mg/kg) in rice hull, rice bran, brown rice, and polished rice, as shown in Figure 3.
In rice hull, the migration concentration was decreased from 15.1 to 4.7 mg/kg for total
As content, from 7.7 to 3.2 mg/kg for As(III), and from 7.9 to 2.4 mg/kg for As(V). In rice
bran, the detected total As content ranged from 16.4 to 5.4 mg/kg and the corresponding
As(III) and As(V) ranged from 11.1 to 3.4 mg/kg and from 4.6 to 1.5 mg/kg. The total As
content, As(III), and As(V) were all decreased dramatically in brown rice and polished
rice. The total As contents in brown rice and polished rice were decreased from 7.9 to
1.6 mg/kg and from 2.3 to 0.68 mg/kg. As(III) concentrations in brown rice and polished
rice were decreased from 5.6 to 1.4 mg/kg and from 1.8 to 0.45 mg/kg. As(V) concentrations
were decreased from 2.1 to 0.33 mg/kg and from 0.47 to 0.08 mg/kg in brown rice and
polished rice. As can be seen, when the concentration of fortified Se reached 1.2 mg/kg, As
accumulation was mostly alleviated in the whole grain. This selenium-dependent reduction
in As accumulation was also observed in rice hull. The average reductions in rice hull for
total As, As(III), and As(V) were 61.5%, 56.4%, and 65.8% when compared with rice treated
with As alone. The average reductions in As accumulation in rice bran were 54.4%, 58.4%,
and 50.9%; in brown rice 69.1%, 70.3%; and 76.2%, and in polished rice 73.8%, 76.8%, and
78.3%. The reduction in polished rice was obvious. In our study, no DMA and MMA were
found in the grains of co-exposure.
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Earlier studies have reported the antagonism effect between Se and As, and the addi-
tion of Se decreased the total As concentration in rice roots or shoots, which was verified
in short-term hydroponic experiments by strengthening the antioxidant potential [34,35].
Ganga Raj Pokhrel et al. investigated the effect of selenium in soil on the toxicity and
the uptake and transportation of arsenic speciation to different rice organs from paddy
soil [36]. The results revealed that co-addition of As and Se in soils decreased As in grains
by 4.76 ± 0.32% and 15.51 ± 0.53% for two cultivars. However, the existence of a good
antagonistic effect between Se and the uptake of As in rice plants is still unclear in the case
of low-arsenic paddy soil, which highly depends on the rice cultivar, As speciation, and
concentration. A similar study also showed this reduction in As accumulation in the root
and shoot of rice plants by 14.24% and 23.78%, compared with control [37].

Our data indicated the predominant presence of As(III) in rice bran, brown rice, and
polished rice (the average As(III)/As(V) ratio was more than 7:3), although part of As(III)
was oxidized to As(V) by the OH radicals in an aqueous environment [38]. Superoxide
radicals, hydrogen peroxide, and hydroxyl radicals could accumulate in germinating rice
seeds and may promote this oxidation of As(III) to As(V) [39,40].

4. Conclusions

In this study, arsenic contents and speciation were analyzed in 38 rice samples collected
from two provinces. Selenium biofortification to reduce the risk of arsenic toxicity was
researched in germinated rice. Based on the analysis of different parts of rice samples,
total As contents in polished rice samples were 0.03–0.37 mg/kg and the mean value of
As(III) was nearly twice than that of As(V) in the polished and brown rice, which showed
obviously regional variability. The proportion of iAs and the total As in rice bran were
higher than those of polished rice, and this was because As tended to accumulate between
the husk and the endosperm. Co-exposure to As and Se in germinated rice indicated there
was obviously a reduction in As accumulation for total As, As(III), and As(V), especially
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in polished rice. As(III) was oxidized to As(V) by the OH radicals in the germinated rice.
Hence, Se addition may have the potential to alleviate the risk of arsenic toxicity in rice
with a positive effect.

Author Contributions: Formal analysis, Writing—review and editing, X.Z.; Data analysis, J.H. and
J.Z.; Methodology, Y.G.; Data curation, P.L.; Funding acquisition, J.Y.; Writing, Review, G.L.; Formal
analysis, Writing—review and editing, C.X. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of
China (32272418), Jiangsu Province Key Research and Development Program (Modern Agriculture)
Project (BE2021370), and the Priority Academic Program Development of Jiangsu Higher Education
Institutions (PAPD).

Data Availability Statement: The data are contained within this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Boffetta, P. Carcinogenicity of trace elements with reference to evaluations made by the International Agency for Research on

Cancer. Scand. J. Work Environ. Health 1993, 19, 67–70.
2. Monrad, M.; Ersbøll, A.K.; Sørensen, M.; Baastrup, R.; Hansen, B.; Gammelmark, A.; Tjønneland, A.; Overvad, K.;

Raaschou-Nielsen, O. Low-level arsenic in drinking water and risk of incident myocardial infarction: A cohort study. Environ.
Res. 2017, 154, 318–324. [CrossRef]

3. Hsu, L.-I.; Hsieh, F.-I.; Wang, Y.-H.; Lai, T.-S.; Wu, M.-M.; Chen, C.-J.; Chiou, H.-Y.; Hsu, K.-H. Arsenic Exposure From Drinking
Water and the Incidence of CKD in Low to Moderate Exposed Areas of Taiwan: A 14-Year Prospective Study. Am. J. Kidney Dis.
2017, 70, 787–797. [CrossRef] [PubMed]

4. Zhao, F.-J.; McGrath, S.P.; Meharg, A.A. Arsenic as a Food Chain Contaminant: Mechanisms of Plant Uptake and Metabolism and
Mitigation Strategies. Annu. Rev. Plant Biol. 2010, 61, 535–559. [CrossRef] [PubMed]

5. Syu, C.-H.; Huang, C.-C.; Jiang, P.-Y.; Lee, C.-H.; Lee, D.-Y. Arsenic accumulation and speciation in rice grains influenced by
arsenic phytotoxicity and rice genotypes grown in arsenic-elevated paddy soils. J. Hazard. Mater. 2015, 286, 179–186. [CrossRef]
[PubMed]

6. Chen, J.-Y.; Zeng, J.-Y.; Ding, S.; Li, J.; Liu, X.; Guan, D.-X.; Ma, L.Q. Arsenic contents, speciation and bioaccessibility in rice grains
from China: Regional and variety differences. J. Hazard. Mater. 2022, 437, 129431. [CrossRef]

7. Tenni, D.; Martin, M.; Barberis, E.; Beone, G.M.; Miniotti, E.; Sodano, M.; Zanzo, E.; Fontanella, M.C.; Romani, M. Total As and As
Speciation in Italian Rice as Related to Producing Areas and Paddy Soils Properties. J. Agric. Food Chem. 2017, 65, 3443–3452.
[CrossRef]

8. Carey, M.; Meharg, C.; Williams, P.; Marwa, E.; Jiujin, X.; Farias, J.G.; De Silva, P.M.C.S.; Signes-Pastor, A.; Lu, Y.; Nicoloso, F.T.;
et al. Global Sourcing of Low-Inorganic Arsenic Rice Grain. Expo. Health 2020, 12, 711–719. [CrossRef]

9. EU. COMMISSION REGULATION (EU) 2023/465 of 3 March 2023 Amending Regulation (EC) No 1881/2006 as Regards
Maximum Levels of Arsenic in Certain Foods. Off. J. Eur. Union 2023, 68, 51–54.

10. Kumarathilaka, P.; Seneweera, S.; Meharg, A.; Bundschuh, J. Arsenic accumulation in rice (Oryza sativa L.) is influenced by
environment and genetic factors. Sci. Total Environ. 2018, 642, 485–496. [CrossRef]

11. Srivastava, A.K.; Srivastava, S.; Mishra, S.; D’Souza, S.F.; Suprasanna, P. Identification of redox-regulated components of arsenate
(AsV) tolerance through thiourea supplementation in rice. Metallomics 2014, 6, 1718–1730. [CrossRef]

12. Moore, K.L.; Schröder, M.; Lombi, E.; Zhao, F.-J.; McGrath, S.P.; Hawkesford, M.J.; Shewry, P.R.; Grovenor, C.R.M. NanoSIMS
analysis of arsenic and selenium in cereal grain. New Phytol. 2010, 185, 434–445. [CrossRef]

13. Bhadwal, S.; Sharma, S. Selenium alleviates physiological traits, nutrient uptake and nitrogen metabolism in rice under arsenate
stress. Environ. Sci. Pollut. Res. 2022, 29, 70862–70881. [CrossRef] [PubMed]

14. Paniz, F.P.; Pedron, T.; Procópio, V.A.; Lange, C.N.; Freire, B.M.; Batista, B.L. Selenium Biofortification Enhanced Grain Yield and
Alleviated the Risk of Arsenic and Cadmium Toxicity in Rice for Human Consumption. Toxics 2023, 11, 362. [CrossRef] [PubMed]

15. Kaur, S.; Singh, D.; Singh, K. Effect of selenium application on arsenic uptake in rice (Oryza sativa L.). Environ. Monit. Assess. 2017,
189, 430. [CrossRef]

16. Wang, W.; Zhang, F.; Liu, D.; Chen, K.; Du, B.; Qiu, X.; Xu, J.; Xing, D. Distribution characteristics of selenium, cadmium and
arsenic in rice grains and their genetic dissection by genome-wide association study. Front. Genet. 2022, 13, 1007896. [CrossRef]
[PubMed]

17. Sun, S.-K.; Xu, X.; Tang, Z.; Tang, Z.; Huang, X.-Y.; Wirtz, M.; Hell, R.; Zhao, F.-J. A molecular switch in sulfur metabolism to
reduce arsenic and enrich selenium in rice grain. Nat. Commun. 2021, 12, 1392. [CrossRef]

https://doi.org/10.1016/j.envres.2017.01.028
https://doi.org/10.1053/j.ajkd.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/28844585
https://doi.org/10.1146/annurev-arplant-042809-112152
https://www.ncbi.nlm.nih.gov/pubmed/20192735
https://doi.org/10.1016/j.jhazmat.2014.12.052
https://www.ncbi.nlm.nih.gov/pubmed/25577320
https://doi.org/10.1016/j.jhazmat.2022.129431
https://doi.org/10.1021/acs.jafc.7b00694
https://doi.org/10.1007/s12403-019-00330-y
https://doi.org/10.1016/j.scitotenv.2018.06.030
https://doi.org/10.1039/C4MT00039K
https://doi.org/10.1111/j.1469-8137.2009.03071.x
https://doi.org/10.1007/s11356-022-20762-5
https://www.ncbi.nlm.nih.gov/pubmed/35589895
https://doi.org/10.3390/toxics11040362
https://www.ncbi.nlm.nih.gov/pubmed/37112588
https://doi.org/10.1007/s10661-017-6138-5
https://doi.org/10.3389/fgene.2022.1007896
https://www.ncbi.nlm.nih.gov/pubmed/36313447
https://doi.org/10.1038/s41467-021-21282-5


Foods 2023, 12, 2712 10 of 10

18. Li, P.; Pan, Y.; Fang, Y.; Du, M.; Pei, F.; Shen, F.; Xu, B.; Hu, Q. Concentrations and health risks of inorganic arsenic and
methylmercury in shellfish from typical coastal cities in China: A simultaneous analytical method study. Food Chem. 2019,
278, 587–592. [CrossRef]

19. Moulick, D.; Ghosh, D.; Chandra Santra, S. Evaluation of effectiveness of seed priming with selenium in rice during germination
under arsenic stress. Plant Physiol. Biochem. 2016, 109, 571–578. [CrossRef]

20. European Food Safety Authority (EFSA); Arcella, D.; Cascio, C.; Gómez Ruiz, J.Á. Chronic dietary exposure to inorganic arsenic.
EFSA J. 2021, 19, e06380.

21. Upadhyay, M.K.; Shukla, A.; Yadav, P.; Srivastava, S. A review of arsenic in crops, vegetables, animals and food products. Food
Chem. 2019, 276, 608–618. [CrossRef] [PubMed]

22. Chen, H.; Tang, Z.; Wang, P.; Zhao, F.-J. Geographical variations of cadmium and arsenic concentrations and arsenic speciation in
Chinese rice. Environ. Pollut. 2018, 238, 482–490. [CrossRef]

23. Nookabkaew, S.; Rangkadilok, N.; Mahidol, C.; Promsuk, G.; Satayavivad, J. Determination of Arsenic Species in Rice from
Thailand and Other Asian Countries Using Simple Extraction and HPLC-ICP-MS Analysis. J. Agric. Food Chem. 2013, 61,
6991–6998. [CrossRef]

24. Liang, F.; Li, Y.; Zhang, G.; Tan, M.; Lin, J.; Liu, W.; Li, Y.; Lu, W. Total and speciated arsenic levels in rice from China. Food Addit.
Contam. Part A 2010, 27, 810–816. [CrossRef] [PubMed]

25. Bissen, M.; Frimmel, F.H. Speciation of As(III), As(V), MMA and DMA in contaminated soil extracts by HPLC-ICP/MS. Fresenius
J. Anal. Chem. 2000, 367, 51–55. [CrossRef] [PubMed]

26. Llorente-Mirandes, T.; Calderón, J.; López-Sánchez, J.F.; Centrich, F.; Rubio, R. A fully validated method for the determination of
arsenic species in rice and infant cereal products. Pure Appl. Chem. 2012, 84, 225–238. [CrossRef]

27. Spanu, A.; Langasco, I.; Barracu, F.; Deroma, M.A.; López-Sánchez, J.F.; Mara, A.; Meloni, P.; Pilo, M.I.; Estrugo, À.S.; Spano, N.;
et al. Influence of irrigation methods on arsenic speciation in rice grain. J. Environ. Manag. 2022, 321, 115984. [CrossRef]

28. Lombi, E.; Scheckel, K.G.; Pallon, J.; Carey, A.M.; Zhu, Y.G.; Meharg, A.A. Speciation and distribution of arsenic and localization
of nutrients in rice grains. New Phytol. 2009, 184, 193–201. [CrossRef]

29. Meharg, A.A.; Williams, P.N.; Adomako, E.; Lawgali, Y.Y.; Deacon, C.; Villada, A.; Cambell, R.C.J.; Sun, G.; Zhu, Y.-G.;
Feldmann, J.; et al. Geographical Variation in Total and Inorganic Arsenic Content of Polished (White) Rice. Environ. Sci. Technol.
2009, 43, 1612–1617. [CrossRef]

30. Akter, K.F.; Owens, G.; Davey, D.E.; Naidu, R. Arsenic Speciation and Toxicity in Biological Systems. In Reviews of Environmental
Contamination and Toxicology; Ware, G.W., Albert, L.A., Crosby, D.G., de Voogt, P., Hutzinger, O., Knaak, J.B., Mayer, F.L.,
Morgan, D.P., Park, D.L., Tjeerdema, R.S., et al., Eds.; Springer: New York, NY, USA, 2005; pp. 97–149.

31. Dias, F.F.; Allen, H.E.; Guimarães, J.R.; Taddei, M.H.T.; Nascimento, M.R.; Guilherme, L.R.G. Environmental behavior of
arsenic(III) and (V) in soils. J. Environ. Monit. 2009, 11, 1412–1420. [CrossRef]

32. Weber, A.M.; Baxter, B.A.; McClung, A.; Lamb, M.M.; Becker-Dreps, S.; Vilchez, S.; Koita, O.; Wieringa, F.; Ryan, E.P. Arsenic
speciation in rice bran: Agronomic practices, postharvest fermentation, and human health risk assessment across the lifespan.
Environ. Pollut. 2021, 290, 117962. [CrossRef] [PubMed]

33. Ruangwises, S.; Saipan, P.; Tengjaroenkul, B.; Ruangwises, N. Total and Inorganic Arsenic in Rice and Rice Bran Purchased in
Thailand. J. Food Prot. 2012, 75, 771–774. [CrossRef] [PubMed]

34. Chauhan, R.; Awasthi, S.; Tripathi, P.; Mishra, S.; Dwivedi, S.; Niranjan, A.; Mallick, S.; Tripathi, P.; Pande, V.; Tripathi, R.D.
Selenite modulates the level of phenolics and nutrient element to alleviate the toxicity of arsenite in rice (Oryza sativa L.). Ecotoxicol.
Environ. Saf. 2017, 138, 47–55. [CrossRef] [PubMed]

35. Kumar, A.; Dixit, G.; Singh, A.P.; Dwivedi, S.; Srivastava, S.; Mishra, K.; Tripathi, R.D. Selenate mitigates arsenite toxicity in rice
(Oryza sativa L.) by reducing arsenic uptake and ameliorates amino acid content and thiol metabolism. Ecotoxicol. Environ. Saf.
2016, 133, 350–359. [CrossRef]

36. Pokhrel, G.R.; Wang, K.T.; Zhuang, H.; Wu, Y.; Chen, W.; Lan, Y.; Zhu, X.; Li, Z.; Fu, F.; Yang, G. Effect of selenium in soil on the
toxicity and uptake of arsenic in rice plant. Chemosphere 2020, 239, 124712. [CrossRef]

37. Singh, R.; Upadhyay, A.K.; Singh, D.P. Regulation of oxidative stress and mineral nutrient status by selenium in arsenic treated
crop plant Oryza sativa. Ecotoxicol. Environ. Saf. 2018, 148, 105–113. [CrossRef]

38. Neppolian, B.; Doronila, A.; Ashokkumar, M. Sonochemical oxidation of arsenic(III) to arsenic(V) using potassium peroxydisulfate
as an oxidizing agent. Water Res. 2010, 44, 3687–3695. [CrossRef]

39. Li, W.-Y.; Chen, B.-X.; Chen, Z.-J.; Gao, Y.-T.; Chen, Z.; Liu, J. Reactive Oxygen Species Generated by NADPH Oxidases Promote
Radicle Protrusion and Root Elongation during Rice Seed Germination. Int. J. Mol. Sci. 2017, 18, 110. [CrossRef]

40. Müller, K.; Linkies, A.; Vreeburg, R.A.; Fry, S.C.; Krieger-Liszkay, A.; Leubner-Metzger, G. In vivo cell wall loosening by hydroxyl
radicals during cress seed germination and elongation growth. Plant Physiol. 2009, 150, 1855–1865. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.foodchem.2018.11.085
https://doi.org/10.1016/j.plaphy.2016.11.004
https://doi.org/10.1016/j.foodchem.2018.10.069
https://www.ncbi.nlm.nih.gov/pubmed/30409639
https://doi.org/10.1016/j.envpol.2018.03.048
https://doi.org/10.1021/jf4014873
https://doi.org/10.1080/19440041003636661
https://www.ncbi.nlm.nih.gov/pubmed/20485999
https://doi.org/10.1007/s002160051597
https://www.ncbi.nlm.nih.gov/pubmed/11227433
https://doi.org/10.1351/PAC-CON-11-09-30
https://doi.org/10.1016/j.jenvman.2022.115984
https://doi.org/10.1111/j.1469-8137.2009.02912.x
https://doi.org/10.1021/es802612a
https://doi.org/10.1039/b900545e
https://doi.org/10.1016/j.envpol.2021.117962
https://www.ncbi.nlm.nih.gov/pubmed/34418860
https://doi.org/10.4315/0362-028X.JFP-11-494
https://www.ncbi.nlm.nih.gov/pubmed/22488070
https://doi.org/10.1016/j.ecoenv.2016.11.015
https://www.ncbi.nlm.nih.gov/pubmed/28006731
https://doi.org/10.1016/j.ecoenv.2016.06.037
https://doi.org/10.1016/j.chemosphere.2019.124712
https://doi.org/10.1016/j.ecoenv.2017.10.008
https://doi.org/10.1016/j.watres.2010.04.003
https://doi.org/10.3390/ijms18010110
https://doi.org/10.1104/pp.109.139204

	Introduction 
	Materials and Methods 
	Chemical and Standards 
	Sample Collection and Preparation 
	Total Arsenic Analysis 
	As Speciation Analysis 
	Effect of Selenium Application on Arsenic Uptake in Germinated Rice 

	Results and Discussion 
	Total Arsenic Content in Different Parts of Rice Grain 
	Determination of Arsenic Species in Different Parts of Rice Grain 
	Total Arsenic and Speciation in Co-Exposure As and Se in Germinated Rice 

	Conclusions 
	References

