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1  | INTRODUC TION

Rice (Oryza sativa L.) is one of the most important food crops 
in the world as well as in China (Hu, Cheng, & Tao, 2016; Ray, 
Ramankutty, Mueller, West, & Foley, 2012). As the largest rice 
producer and consumer, (Chen et al., 2016; Ray et al., 2012) China 
has more than 65% of China's population with rice as staple food, 
and 18.3% of the total agricultural land for rice planting. The rice 
quality, including mineral nutrients and toxic elements, is closely 
related to the health of people who take rice as the main food. 

Cadmium (Cd) is one of the most harmful trace metals in rice and 
is considered to be the most serious contaminant in paddy fields 
(Shiraishi, 1975). It is a highly carcinogenic even at low concentra-
tions (Honma et al., 2016; Meharg et al., 2013). Cd accumulates in 
the kidneys, liver, and other organs, (Band et al., 2008) causing dis-
eases such as high blood pressure, osteoporosis, and kidney failure 
(Bernard, 2016; Haswell-Elkins et al., 2007). Zhao et al. reported 
that rice is a major contributor of Cd to its consuming populations, 
with significantly higher contribution rate (71.1%) than that of 
other foods (Khan, Khan, Khan, Qamar, & Waqas, 2015; Zhao et 
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The relationship of toxic elements (As, Cd, Cr) and trace elements (Cu, Se, Ni, Zn, Mn) 
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whole grain, but caused the substantial losses of more than half of Mn and Ni (57.7% 
and 56.9%), and nearly one-third (30.9%, 31.5%, and 29.1%) of Cu, Se, and Zn in 
brown rice although only about 10% of rice bran was milled. The "L" type correlation 
exists not only between As and Cd, but also between the nutrients Se, Mn, Ni, and 
the toxic elements As, Cd. These results indicated that As accumulation in rice could 
reduce the levels of essential mineral nutrients Mn, Ni, and Se. On the contrary, im-
proving nutrient elements by fertilization could decrease the accumulation of some 
toxic elements. This provides a practical new idea for the prevention and control of 
rice As or Cd, and concomitantly improves the deficiency of nutrient elements in rice.
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al., 2017). Arsenic (As), as a carcinogen, is associated with many 
kinds of human diseases, including cardiovascular disease and 
neurological disorders (IARC, 2004). Many studies have shown 
that rice is the main pathway for human exposure to As, (Heikens, 
Panaullah, & Meharg, 2007; Meharg et al., 2009) because As con-
centration in rice is usually an order of magnitude higher than 
other cereal crops, (Williams et al., 2007) especially inorganic As 
(75.2%–96.5%) (Sun et al., 2008). Chromium (Cr) is a necessary 
trace element in human body, but if excessive intake, Cr would 
accumulate in the liver, kidney, and endocrine glands, posing a risk 
to human health. The pollution of As, Cd, and Cr in rice has caused 
seriously economic losses to China's agricultural production and 
brought serious health risks to local population (Hu et al., 2015; 
Yang, Wang, & Chen, 2017; Zhu, Chen, Xu, Zhu, & Huang, 2016; 
Zhu, Williams, & Meharg, 2008).

Copper (Cu), selenium (Se), nickel (Ni), zinc (Zn), manganese 
(Mn) are essential micronutrients in human diet, which are usu-
ally lacking in milled rice (FAOSTAT, 2007; GB2762-2017; Tan et 
al., 2014). It is reported that about 2 billion population are suf-
fering from the ‘hidden hunger’ worldwide due to micronutrient 
deficiency (Grebmer et al., 2014; He, Baiocchi, Hubacek, Feng, & 
Yu, 2018). More than five million childhood deaths occur from mi-
cronutrient malnutrition every year (Anonymous, 2007). Copper 
is the third most abundant trace metal in the body behind Fe and 
Zn with abundance of 0.08–0.1 g (Willis et al., 2005). Copper com-
bines with protein or cytochrome oxidase to promote hemato-
poiesis, maintain the normal function of bone, blood vessels and 
skin, and protect the health of central nervous system and hair. 
Selenium is an important component of glutathione peroxidase 
and plays an important role in preventing tissue degeneration by 
acting as an antioxidant (Fordyce, Zhang, Green, & Xinping, 2000; 
Li et al., 2018; Xiao et al., 2018). In fact, 15% of the world's pop-
ulation is Se deficient (Combs, 2001). Deficiency of Se in human 
body would lead to a variety of diseases such as Keshan disease 
and Kashin-Beck disease (Hartikainen, 2005). Zinc as second most 
prominent trace metal in human body after iron (Barceloux, 1999) 
is the only metal represented in all six enzyme classes, (Broadley, 
White, Hammond, Zelko, & Lux, 2007) and zinc deficiency seri-
ously affects intelligence, appetite, and reproductive function 
(Sun et al., 2008). Ni is still an essential element in many mamma-
lian species although the percentage of Ni lacks less than Se and 
Zn. In deprivation scenarios, it is considered to be a cause of stunt-
ing in addition to impairing the absorption of other micronutrients 
such as Zn and Cu (Huang, Gao, Wang, Staunton, & Wang, 2006). 
Manganese is related to the synthesis of mucopolysaccharide, an 
important component of cartilage and bone; and Mn deficiency 
leads to extensive skeletal deformity and easy fracture (Idouraine, 
Khan, & Weber, 1996).

In recent years, XRF (X-ray fluorescence) and NanoSIMS tech-
niques have been used to locate elements such as As, Se, Cu, Mn, 
and Zn in rice grains and the distribution of these elements in rice 
grains was mapped (Lombi et al., 2009; Moore et al., 2010). The 
concentration of As and micronutrients in rice bran were higher 

than that in corresponding endosperm (Sun et al., 2008; Williams, 
Lei, et al., 2009). However, the ratio of multielements in bran and 
corresponding polished rice is unclear. Although the relationship 
of individual element between rice bran and polished rice has been 
studied, there is no systematic investigation on the multiple rela-
tionships between toxic elements and nutrient elements in grain. 
The changes of element contents in polished rice and rice bran 
and their correlation with each other are of more theoretical and 
practical significance.

In this study, the concentrations of 3 toxic elements (As, Cd, and 
Cr) and 5 nutrient elements (Cu, Se, Ni, Zn, and Mn) in polished rice 
and corresponding rice bran were determined in rice samples (total 
446 samples) from the main rice-producing areas in China. The rela-
tionship of contents of individual elements in polished rice and rice 
bran was discussed. The correlation among different elements in rice 
bran and polished rice was discussed, which would provide valuable 
information for decreasing the concentrations of toxic elements by 
increasing the levels of nutrient elements.

2  | MATERIAL S AND METHODS

2.1 | Sample collection and preparation

In this study, a total of 446 rice grain samples were collected from 
paddy fields across main rice production area of China (Figure 1). 
Sample preparation was in accordance with our previous proce-
dure (Sun et al., 2008). The rice grain is naturally air-dried to a 
constant weight. All rice grains were dehusked with a motorized 
dehusker (JLGJ4.5, TZYQ), and subsamples of whole grains were 
milled using rice polisher (JNMJ3, TZYQ). The rice polishing pro-
cess was as follows: Each brown rice (18.5 g) was weighed and 
put into a polisher and then polished for 90 s, during which the 
mass of rice bran and polished rice was weighed, and the quality of 
the ~10% was removed to obtain rice bran and polished rice. The 

F I G U R E  1   Distribution of rice sampling sites
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whole grain and endosperm (polished rice) were then ground to a 
fine powder using a Moulinex Optiblend mixer. Rice bran is already 
in powder form.

2.2 | Element concentration

The determination of the element concentrations in rice samples 
is based on our previous methodologies as described by Sun et al. 
(2008). Due to the large amount of samples, one out of every ten 
samples was randomly selected for triplicate. Each sample (0.2 g) 
was accurately weighed and put into a 50-ml polyethylene centri-
fuge tube, and then added 2 ml of concentrated nitric acid. The tubes 
were stood for overnight and then subjected to microwave digestion 
(MARS, Matthew Inc.). The digestion program for microwaver is as 
follows. The temperature was ramped to 55°C over a 5 min and kept 
at 55°C for 5 min, then continuously ramped to 75°C over a 5 min 
and maintained at 75°C for 5 min, and then ramped to 95°C over 
a 5 min maintained for 30 min. After the digestion, the centrifuge 
tubes were placed in a fume hood until cooling. Each sample was di-
luted to 30 ml with Millipore ultrapure water (18.2 MΩ), then shaken 
by hand and kept in refrigerator at 4°C until analysis. Each digestion 
batch was accompanied by blanks and standard reference material 
(GBW(E) 100,357 Chinese rice flour). The element concentrations 
in each sample were analyzed using inductively coupled plasma 
mass spectrometry 7,700 (ICP-MS, Agilent Technologies). The 7,700 
ICP-MS has an ORS collision/reaction cell, which can effectively 
eliminate the interference of particles such as Cl and Na on As, Cu, 
Cr, Zn, and Se during measurement. For the element concentrations 
of certain samples observed to be below the limit of detection (LOD: 
As, 0.047 µg/L; Cd, 0.012 µg/L; Cr, 0.031 µg/L; Ni, 0.024 µg/L; Mn, 
1.613 µg/L; Cu, 0.494 µg/L; Zn, 0.619 µg/L; Se, 0.024 µg/L), an arbi-
trary value of 50% LOD was used. Validation analysis was performed 
using a certified reference material, and average recovery rates are 
in the range from 88% to 105%.

3  | RESULTS

3.1 | Analysis of the contents of 8 elements in the 
grain

The distribution frequency of 8 elements in 446 samples at differ-
ent concentration ranges in brown rice, rice bran, and polished rice 
(Figure 2). The average concentrations of three toxic elements (As, 
Cd, and Cr) in whole grain were 0.196, 0.201, and 0.266 mg/kg, re-
spectively (Table 1), and the corresponding ranges were 0.054–0.795, 
0.002–2.326, and 0.033–0.691 mg/kg. It was reported that the As 
content in whole grain is 0.01–2.05 mg/kg in Bangladesh, 0.03–
0.44 mg/kg in India, 0.10–0.76 mg/kg in Taiwan, 0.11–0.66 mg/kg in 
the United States, 0.03–0.47 mg/kg in Vietnam, and 0.08–0.38 mg/
kg in Italy and Spain (Caroli, D’Ilio, Alessandrelli, Forte, & Caroli, 
2002; Duxbury, Mayer, Lauren, & Hassan, 2003; Pizarro & Gómez, 

2003; Williams et al., 2005). The Cd concentration in whole rice in 
southern China was 0.08–0.40 mg/kg (Yang, Lan, Wang, Zhuang, 
& Shu, 2006). Rice bran exhibited much higher concentrations (As, 
Cd, and Cr) on average of 0.842, 0.297, and 0.351 mg/kg, respec-
tively (Table 1), and the corresponding maximum values were 4.208, 
4.021, and 0.999 mg/kg. Both bran As and Cd levels are significantly 
higher than China's rice standard, which are 0.2 mg/kg inorganic 
As and 0.2 mg/kg Cd (GB2762-2017) (Table 1 and Figure 2). All As 
concentrations in bran are above the China rice limit, and all Cr con-
centrations are below rice standard of 1.0 mg/kg Cr (Table 1 and 
Figure 2). The average concentrations of three toxic elements (As, 
Cd, and Cr) in polished rice were 0.117, 0.186, and 0.236 mg/kg with 
the corresponding maximum levels of 0.415, 2.138, 0.671 mg/kg. 
Ren et al. reported that As concentrations in China were the highest 
in bran (in the range of 0.55–1.20 mg/kg), followed by whole grain 

F I G U R E  2   Histogram of distribution frequency of 8 elements in 
446 samples under different concentration gradients in brown rice, 
rice bran and polished rice
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(0.14–0.80 mg/kg) and polished rice (0.07–0.4 mg/kg) (Ren, Liu, Wu, 
& Shu, 2006). The concentrations of all three toxic elements in bran 
were significantly higher than endosperm (polished rice). The aver-
age ratios of As, Cd, and Cr in rice bran and polished rice were 7.1, 
2.2, and 1.7. These results suggested that As is mostly accumulated 
in rice bran, followed by Cd and Cr. By polishing rice, the average of 
44.4% As, 19.8% Cd, and 15.4% Cr contents in whole grain could be 
removed, a bit higher than other reports. The average 38% As and 
12% Cd in the whole grain was removed by polishing rice with the 
removal of ~10% rice bran (Gyuhan & Todor, 2019; Williams, Lei, et 
al., 2009).

The average levels of five nutrients (Ni, Mn, Cu, Zn, and Se) in 
whole grain were 0.529, 31.0, 3.560, 19.0, and 0.351 mg/kg, re-
spectively (Table 1). The average contents of these elements in rice 
bran were 3.330, 174.3, 11.4, 56.4, and 0.651 mg/kg, respectively 
(Table 1), significantly higher than the corresponding polished rice. 
Large proportions of Ni and Mn were accumulated in rice bran, 
which reached 18.0 times and 12.5 times of the average in polished 
rice. The loss of Ni and Mn in whole grain through polishing pro-
cess was the largest as well, with an average removal of 56.9% and 
57.7%. The average ratios of Cu, Zn, and Se in rice bran/endosperm 
were 4.4, 4.0, and 2.9, and nearly one-third of Cu, Zn, and Se (30.9%, 
31.5%, and 29.1%) were removed from brown rice by polishing. All of 
these results indicate that rice bran has higher proportions of nutri-
ent elements, especially Mn and Ni. Polishing caused the great losses 
of more than half of Mn and Ni, and nearly one-third of Cu, Se, and 
Zn in brown rice although only about 10% of rice bran was polished. 
Hansen et al. reported that the loss of Zn concentration was in the 
range of 14%-59% after 450 s of polishing (about 15% dry matter 
loss) (Hansen et al., 2012). Gyuhan and Todor (2019) removed the 
average of 67.1% Mn, 21.4% Cu, and 27.9% Zn in the whole grain 
with the removal 11% rice bran.

3.2 | Elemental correlation analysis of rice bran and 
polished rice

We performed Pearson correlation analysis on the elements in rice 
bran and polished rice (Table 2). There are significant correlations for 
eight elements between rice bran and polished rice (all p < .001). The 
eight elements fit well (R2: (A) Cd, .97; As, .79; Cr, .82; (B) Cu, .52; Se, 
.99; Ni, .41; (C) Zn, .45; Mn, .66), indicating that these elements have 
a significantly linear correlation between rice bran and polished rice 
(Table 2, Figure 3). The best linear relationship is Se (R2: .99), and the 
worst one is Ni (R2: .41) (Figure 3). There was a significant positive 
correlation between As and Cr (all p < .01; R2: .426 in bran, .409 in 
polished rice) (Table 2). There was a significant negative correlation 
between As and Cd (p < .01; R2: −.159 in polished rice), but not be-
tween Cd and Cr. The following correlations exist between the three 
toxic elements and the five nutrient elements: (a) very significant 
positive correlation (As & Cu, As & Zn, Cd & Ni, Cd & Cu, Cd & Zn, 
Cd & Se, all p < .01); (b) extremely significant negative correlation 
(As & Mn, p < .01, As & Ni, p < .01, As & Se, p < .05); and (c) Cr and 5 TA
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F I G U R E  3   Relationship between Cd, As, Se, Cr, Mn, Cu, Zn, and Ni in rice bran and polished rice. All correlations were statistically 
significant (p < .001). R2: (a) Cd, .97; As, .79; Cr, .82; (b) Cu, .52; Se, .99; Ni, .41; (c) Zn, .45; Mn, .66
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nutrients were extremely positively correlated at p < .01. Among the 
5 nutrient elements, there are positive correlations among the four 
elements Ni, Mn, Cu, and Zn. Se is positively related to the other 3 
nutrients (Ni, Cu, and Zn) except for the negative correlation with 
Mn (Table 2).

Principal component analysis (PCA) of the elements in rice bran 
and polished rice showed the closest distance between the same 
elements (except Cr and Ni) (Figure 4a). The three elements (As, 
Cr, and Zn) are closely clustered together, while the five elements 
(Cd, Ni, Mn, Cu, and Se) are more closely aggregated. Aggregated 
boosted tree (ABT) analysis showed that BCu (32.4%), BCr (29.6%), 
and BMn (23.8%) were the main factors of BAs, explaining the vari-
ation of BAs up to 85.8%, while PCr in polished rice was the most 
important factor of PAs, explained the variation up to 61.4%. And 
the ABT analysis (Figure 4b) of Cr also showed that there was a very 
high mutual interpretation percentage between As, Cr, and Cu. The 
Pearson correlation analysis in Table 2 also confirmed the strong 
correlation between these three elements (all p < .05). For Cd, Se 
is the most important factor both in rice bran and in polished rice, 
explaining the variation in BCd and PCd of 45.5% and 38.6%, respec-
tively, which is supported by strong correlation between Cd and Se 
(Table 2, Figure 4).

Some correlation among toxic elements and mineral elements 
could be described as the "L" type (Figure 5). That is, when the con-
centration of one element exceeds a certain threshold value, the 
enrichment of the other elements in rice would rapidly drop to a 
low level. For example, in Figure 5a–c, when the Cd concentration 
exceeds 0.5 mg/kg in whole grain, rice bran, and polished rice, the 
corresponding concentrations of As drop sharply to 0.2, 0.8, and 
0.12 mg/kg. When the As concentration in whole grain, rice bran, and 
polished rice was higher than 0.2, 0.8, and 0.12 mg/kg respectively, 

the content of Cd decreased significantly (<0.5 mg/kg). Similarly, the 
relationship of As versus Mn & Ni (Figure 5d–f) showed that when 
the As concentration exceeded 0.25, 1.0, and 0.16 mg/kg, in whole 
grain, rice bran, and polished rice, the Mn or Ni levels in rice were 
decreased. When the concentrations of Mn in whole grain, rice bran, 
polished rice exceeded 30, 200, 14 mg/kg, or Ni level exceeded 1.0, 
4.0, 0.6 mg/kg, the accumulation of As was inhibited. The relation-
ships of Se versus As & Cd (Figure 5g–i) also reflect similar trends. 
When the concentration of Se exceeded 0.5, 0.8, and 0.4 mg/kg, in 
whole rice, rice bran, and polished rice, the accumulation of As and 
Cd by rice was inhibited. When the concentration of As in whole 
rice, rice bran, polished rice exceeded 0.2, 0.8, 0.12 mg/kg; or Cd 
exceeded 0.6, 1.0, 0.5 mg/kg, in whole rice, rice bran, and polished 
rice, the accumulation of Se was inhibited. The accumulation of trace 
elements Mn, Ni, and Se was inhibited when the As concentration 
exceeded 0.25, 1, 0.16 mg/kg, in whole rice, rice bran, and polished 
rice, respectively. Williams, Islam, et al. (2009)) reported that the 
concentrations of Ni, Zn, and Se in rice grain significantly declined 
with the increase of As levels. Our study showed that some nutrient 
elements can also inhibit the absorption of toxic elements, which 
also has guiding significance for rice agronomic cultivation.

4  | DISCUSSION

Rice bran is an important by-product produced in the process of pol-
ishing whole grain. It is mainly composed of pericarp, aleurone layer, 
subaleurone layer, seed coat, nucellar layer, germ, and endosperm 
(Gul, Yousuf, Singh, Singh, & Wani, 2015). In terms of nutritional po-
tency, rice bran only accounts for 6%–10% of the total weight of rice, 
(Saikia & Deka, 2011; Wang, Khir, Pan, & Yuan, 2017) but contains 

F I G U R E  4   (a) Principal component analysis (PCA) of eight elements in rice bran and polished rice; (b) aggregated boosted tree (ABT) 
analysis of three toxic elements (As, Cd, Cr). BAs and PAs represent the As content in rice bran and polished rice, respectively, and the other 
elements are also represented by the same method
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64% of important nutrients in rice and more than 90% of essential 
nutrients for the human body (Yang, Wang, Song, Jin, & Zhu, 2004). 
As a result, rice bran is widely used as food additives or as a "primary 
health food" (Meharg, Sun, et al., 2008; Sun et al., 2008). Our re-
search showed that the toxic elements such as As, Cd, and Cr are en-
riched in rice bran as well besides essential minerals. For example, As 
concentration in bran is 7.1 times higher than polished rice (Table 1). 
Ren et al. observed that there were sixfold in As concentrations 
between rice bran and milled rice for a range of rice from various 
locations in China (Ren et al., 2006). It can be seen that nearly half 
As in whole grain (44.4%) were removed by polishing, similar to the 
other report (45%), (Norton et al., 2009) and the polished rice was 
suggested for consumption if whole rice grain contain high levels of 
As. Maximum food standard limit in China for As in rice is 0.2 mg/kg 
inorganic As (FAOSTAT, 2007), and 16.3% of all whole grain (446) in 
this study (inorganic arsenic is calculated as 75% of the total arsenic 
content (Adomako, Williams, Deacon, & Meharg, 2011; Sun et al., 
2008; Williams et al., 2005) were in excess of this food standard. The 
over-standard rate of polished rice decreased to 3.1% via polishing. 
The effect of polishing on Cd and Cr removal is not significant (both 
<20%). The over-standard rate reduced from 2.8% (whole grain) to 
2.7% (polished rice) for Cd.

High bran/polished rice ratio of As, Ni, and Mn (Table 1 and 
Figure 3) indicated that these three elements are mainly located in 

rice bran in comparison with polished rice. It is reported that As and 
Mn are mainly localized in the outer regions of the rice grains (i.e., 
aleurone/pericarp or outer parts of the endosperm), (Meharg, Sun, 
et al., 2008) and the areas where As and Mn mainly accumulation 
corresponds to the position of the ovular vascular trace (Hansen et 
al., 2012; Lombi et al., 2009). Lombi et al. believed that the larger 
concentration present in the bran compared with the correspond-
ing polished rice may have two possible reasons. First, there could 
be a physiological barrier in the unloading and uploading process 
responsible for the transfer of As from the maternal tissues (ovu-
lar vascular system, either phloem, or xylem elements) to the filial 
tissues (aleurone). Second, As, as with many other elements, could 
accumulate preferentially in the protein-rich aleurone and embryo 
tissues although (Lombi et al., 2009). This subaleurone region and 
vascular trace having high As level was removed by milling, result-
ing in marked decrease of As in polished rice and high As in bran. 
The distribution of Cd, Zn, and Cu is not limited to the aleurone/
peel region, but gradually diffused into the inner layer, extends into 
the endosperm, and exhibits a relatively uniform distribution in the 
endosperm (Basnet, Amarasiriwardena, Wu, Fu, & Zhang, 2014; 
Gyuhan & Todor, 2019; Lombi et al., 2009; Meharg, Lombi, et al., 
2008). The difference of elements distribution such as As and Cd 
in rice also explains that polishing brown rice has a better effect on 
removing As than Cd.

F I G U R E  5   The relationship between As versus Cd; As versus Mn, Ni and Se versus As, Cd in whole grain, rice bran and polished rice
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There is a very significant negative correlation between As and 
Ni or Mn in rice bran and between As and Ni, Mn, Se in polished rice 
(Table 2 and Figure 4). It has been reported that the increase of As 
content in rice declined the levels of trace minerals such as Se, Zn, Ni by 
perturbing grain metal(loid) balances, (Dwivedi et al., 2010; Norton et 
al., 2009; Williams, Islam, et al., 2009) constraining the concentrations 
of trace elements in the grain. The addition of inorganic Se suppressed 
the transfer of As from rice root to shoot in the hydroponic experiment 
(Hu, Duan, Huang, Liu, & Sun, 2014) and decreases As content in whole 
grain in pot experiment (Moulick, Santra, & Ghosh, 2018). Obviously, 
consumption of As-contaminated rice not only post health risk from 
As directly, but also decrease the ingestion of microminerals via daily 
rice meal. Understanding the exact mechanism of specific element im-
pacts on metal (loid) accumulation and distribution is rather difficult at 
present, considering many functional genes were involved. The situa-
tion is further complicated if the element species transformation were 
considered. However, we can improve rice qualities by applying micro-
nutrient fertilizers regardless of the mechanisms. These fertilizations 
not only increases the levels of nutrient elements in rice grain, but also 
suppress the accumulation of toxic elements, and both are healthy for 
population.

In summary, our research shows that there is a good positively 
linear relationship of elements concentrations (including toxic and 
nutrient elements) between rice bran and milled rice. The highest 
ratio of bran versus polished rice is 18.0 for Mn, followed by 12.5 for 
Ni and 7.1 for As. These indicated that polishing caused loss more 
than half of Mn (56.9%) and Ni (57.7%), nearly half of As (44.4%) 
removal from grain. The negative relationships of element levels 
suggested that As contamination resulted in the mitigation of micro-
minerals in rice grain. On the contrary, applying elements fertilizers 
could improve the contain of micronutrients as well as decrease As 
levels.
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