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Abstract

We aimed to clarify whether low cadmium (Cd) accumulation in varieties of rice also lower human nutrient uptakes.
This trial was setup to explore the correlation between grain-Cd and iron (Fe) and zinc (Zn) among four promising rice cultivars
and the prevailing KDML105 and RD6. Their grain Cd (0.10-0.60 mg kg') and Zn (17.36-22.61 mg kg*) contents were signi-
ficantly different, but not significant for grain Fe (11.17-13.91 mg kg™). The results revealed significant positive correlations
between grain Cd and Zn of the prevailing cultivar (r=0.471). But no correlations between grain Cd and Fe and Zn were
observed. The RD15 and KNU2 were identified as the low grain Cd, high grain Fe and Zn compared with the prevailing cultivar.
Thus the RD15 and KNU?2 led to reduced Cd in rice grain without changing the human essential elements.

Keywords: rice (Oryza sativa L.), cadmium, micronutrients, Thailand

1. Introduction

Cadmium (Cd) possesses extreme biological toxicity
even at low concentrations. Cd is of special concern because it
has relatively high mobility in the soil and environment. The
amount of Cd in different locations varies depending on dif-
ferences in the soil formation, soil management practices, and
exposure to sources of pollution. However, the level of Cd in
soil appears to be increasing over time. In Thailand, Cd has
caused serious problems in rice production. At least 2100 ha
of paddy fields in Mae Sot district in Tak Province have been
polluted to various degrees (Simmons, Pongsakul, Saiyasi-
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panich, & Klinphoklap, 2005). Rice (Oryza sativa L.) is the
most important crop in Thailand and in the world. Thus, Cd
contaminated rice may pose a major threat to people who
consume rice daily. Therefore, the concerns over Cd entering
the human food chain are justified.

Many studies have documented wide differences in
the accumulation of heavy metals in grains among rice ge-
notypes (Arao & Ae, 2003; Liu et al., 2005; Morishita, Fumo-
to, Yoshizawa, & Kagawa, 1987; Yu, Wang, Fang, Yuan, &
Yang, 2006; Zeng, Mao, Cheng, Wu, & Zhang, 2008). More-
over, it is possible to reduce the amount of Cd accumulated in
grains by using genetic improvement. In 2012, Sriprachote,
Kanyawongha, Pantuwan, Ochiai, and Matoh (2012b) re-
ported variations in low grain Cd accumulation in Thai rice
including RD5, RD15, Khao' Niaw Ubon 1 (KNU1), and
Khao' Niaw Ubon 2 (KNU2). However, interactions among



448 A. Sriprachote et al. / Songklanakarin J. Sci. Technol. 42 (2), 447-453, 2020

the coexisting elements at the root surface and within the
plants also affect Cd uptake and accumulation. These in-
teractions can occur in different stages of absorption, dis-
tribution, and excretion of the microelements and Cd within
the crops, as well as during the stage of biological functions of
essential elements. The selection of rice genotypes with low
Cd accumulation in grain contributes to changes in grain
nutrient concentrations.

Micronutrient deficiencies of staple rice grain also
have an effect on human health. Hotz and Brown (2004)
suggested that 3.7 billion people are suffering from iron (Fe)
deficiency and more than 2 billion are suffering from zinc
(Zn) deficiency. Therefore, the micronutrient contents and
quality of rice should be considered as a safety issue for rice.
However, when micronutrients and toxic elements are in
competition, their interaction can limit or reduce the accu-
mulation of micronutrients in rice grains. The interactions
between Cd and micronutrients, such as copper (Cu), Fe,
manganese (Mn), and Zn were reported in crops such as wheat
(Zhang, Fukami, & Sekimoto, 2002) and barley (Wu, Zhang,
& Yu, 2003). The differences were significant among species
and varieties and contradictions also existed between the
results of the experiments. Smith and Brennan (1983) reported
a synergistic interaction between Cd and Zn, while Cataldo,
Garland, and Wildung (1983) observed the antagonistic in-
teraction between Cd and Fe, Zn, Cu, and Mn. Zhang et al.
(2002) indicated that the effects of Cd on Fe, Zn, Cu and Mn
from root uptake and translocation had an impact on wheat
genotypes. Therefore, the selected rice cultivars for the Cd-
polluted paddy fields in this study were low grain Cd rice with
a high level of required micronutrients.

The results from our previous study revealed the
evaluation of a promising low grain Cd accumulation rice.
Therefore, the purposes of this study were: i) to identify rice
cultivars containing low Cd accumulation which could be
appropriate for the Cd-polluted area; ii) to determine the effect
of Cd on grain yields; iii) to investigate the interactions of Cd
with key micronutrients such as Fe and Zn with respect to
their accumulation in rice grains; iv) and to estimate the pro-
visional tolerable weekly intake (PTWI) of Cd through rice
consumption. The results are useful for farmers as a mitigation
to reduce the amount of Cd in the rice diet in Cd contaminated
areas.

2. Materials and Methods
2.1 Study area and plant materials

The study area was previously described in Sripra-
chote, Kanyawongha, Ochiai, and Matoh (2012a). The experi-
ment was carried out at a paddy field in Pha Te Village, Pratat
Phadaeng Subdistrict, Mae Sot District, Tak Province in Thai-
land during the rice growing season (July to November). The
soil texture was loamy soil with 37% sand, 45% silt, and 18%
clay. The concentrations of Cd, Fe, and Zn in the diethylene-
triaminepentaacetic acid (DTPA) extract were 0.40, 236, and
11.10 mg kg, respectively. From the extract of a HCIOs-
H2S04-HNOs3 acid mixture, the concentrations of Cd, Fe, and
Zn were 1.11, 11499, and 84.8 mg kg, respectively. The soil
pH in a 1:5 extract was 6.43. It also contained a moderate
level of organic matter (2.49%), cation exchange capacity
(12.44 cmol kg') and available phosphorous (8.19 mg kg).

Mineral concentrations and soil properties are presented in
Table 1.

Based on our previous studies (Sriprachote et al.,
2012b), six rice cultivars of different types with varying Cd
accumulation abilities were used in this experiment. The rice
cultivars were Khao Dawk Mali 105 (KDML105) and RD6
(the prevailing cultivars), and RD5, R15, KNU1, and KNU2
which are the promising low Cd accumulation cultivars. The
experiment was conducted in randomized complete blocks
designed with 3 replications. Rice seeds were soaked in water
for 48 h at room temperature (20-25 °C) and germinated in a
nursery. After 30 days, three tillers seedlings were trans-
planted into 3x3 m experimental plots at the spacing of 30 cm
intervals. There were approximately 100 hills per plot. Ferti-
lizers (16-8-8) were applied to the plots at 150 kg ha! one
month after the transplanting. During the growing period,
normal field management was performed by local farmers
following their traditional cultivation methods.

2.2 Plant sample preparation and analysis

The rice was harvested when it had matured.
Approximately 10 hills of rice plants were sampled randomly
from each plot. The hulls were removed by hand from the raw
grains to reveal whole brown rice. All grain samples were
dried at 70 °C in an oven for 72 h. A 0.2 g batch of the
sampling rice grains from each hill was digested in 4 mL of
HNOs and HCIO4 (60%, 4:1 by volume) solution in a test tube
with a block digester. The digestion was filled to 10 mL with
0.1% (v/v) HNOs. Cadmium, Fe, and Zn in the solution were
analyzed using atomic absorption spectrophotometry (Shi-
madzu AA-6300) equipped with a graphite atomizer. All
results were presented in the form of arithmetic means with
standard deviations. The analytical data of the means were
examined with Tukey HSD test (P<0.05). Linear relationships
between traits were determined by Pearson analysis using the
SPSS statistical package.

Table 1.  Physicochemical properties of soil collected from the Pha

Te village paddy field.

Soil properties Values
pH1;5 6.43+0.18%
ECus(nScm?) 159+32.1
OM (%) 2.49+0.37
P,0s (mg kg™h) 8.19+3.50
CEC (cmol kg't) 12.44+1.96

Extractable bases (mg kg™)

Ca 1265229
K 70.1+11.1
Mg 127+£35.7
DTPA-extractable (mg kgt)

Cd 0.40+0.27
Fe 236+38.5
Zn 11.1+6.64
Total element (mg kg™t)

Ca 1273+£1377
K 9497+2197
Mg 14394446
Cd 1.11+0.31
Fe 11499+2335
Zn 84.8+39.8

2 Data are expressed as mean + SD, n= 30
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2.3 Provisional tolerable weekly intake (PTWI)

The provisional tolerable weekly intake (PTWI) of
toxic metals is dependent on both the metal concentration in
rice or meals and the amount of consumption of the respective
food. The PTWI of Cd was determined using the following
equation:

Weekly Cd intake pg

Weekly intake (WI) = Body weight (BW) kg

where the weekly intake (WI) of Cd (ug) is a multiple of rice
daily intake (kg day?) within a week (7 days) and rice grain
Cd concentration (ug kgt). It was assumed that the average
rice consumption per day was 0.268 kg which was 53.06 kg in
BW for females and 58.54 kg in BW for males (National Bu-
reau of Agricultural Commodity and Food Standards [ACFS],
2016). The PTWI were compared with the tolerable daily
intake of Cd at 7 pg Cd per kg BW per week, recommended
by Codex Alimentarius Commission (CODEX, 2006).

3. Results

3.1 Cadmium, iron, and zinc concentrations in rice
grains

All of the six cultivars were grown successfully to
the harvesting stage in Mae Sot paddy fields. Generally, the
results of this experiment were consistent with the results of
our previous research with regards to the differences among
the six rice cultivars in Cd concentration. The concentration of
Cd in brown rice ranged from 0.10 to 0.60 mg kg, with an
average of 0.30 mg kg (Figure 1a). The cadmium concentra-
tions of the promising low grain Cd cultivars RD5 (0.22 mg
kg1), RD15 (0.10 mg kg?), KNU1 (0.22 mg kg?), and KNU2
(0.10 mg kg?') were significantly lower than those of the
prevailing cultivars KDML105 (0.56 mg kg) and RD6 (0.60
mg kg™?).

There was no significant effect on Fe concentration
in the grains (Figure 1b). An average concentration of Fe was
12.86 mg kg that ranged from 11.17 to 13.91 mg kg*. The
Fe concentrations in the grain of the prevailing cultivars were
11.76 mg kg for KDML105 and 13.58 mg kg™ for RD6. The
results of the four promising low grain Cd cultivars were
13.91 mg kg (RD5), 13.24 mg kg (RD15), 11.27 mg kg*
(KNU1), and 13.52 mg kg* (KNU2).

The average Zn concentration in the grain was 20.83
mg kg that ranged from 17.36 to 22.61 mg kg (Figure 1c).
Significant differences in Zn concentration were apparent in
six cultivars (P<0.05). The highest Zn concentration was de-
tected in the prevailing cultivar RD6 (22.61 mg kg?). The
lowest Zn concentration was detected in the promising low-
grain Cd cultivar KNU1 (17.36 mg kg™?). The grain Zn con-
centrations in the KDML105, RD5, RD15, and KNU2 were
similar at 21.65, 20.24, 21.70, and 21.39 mg kg™, respectively.

3.2 Grain yields and the correlation of Cd grain
concentration

The yields of the six rice cultivars ranged from 4.06
to 6.26 kg plot?, with an average yield of 5.17 kg plot*
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Figure 1. Grain Cd concentrations (a), Fe concentrations in grain (b)
and Zn concentrations in grain (c) of 6 rice cultivars grown
in a Cd-polluted paddy field. The vertical bars indicate the
standard deviation of 30 hills. Any given bar followed by
the same letter is not significantly different according to
the Tukey HSD test (P<0.05).

(Figure 2). The highest yield was from the promising low
grain Cd cultivar KNU2 (6.26 kg plot™!) and the lowest yield
was from the prevailing cultivar KDML105 (4.06 kg plot?).
There was a negative correlation (r=—0.099) between grain
yield and Cd concentration (Figure 3a). However, when the
data were grouped into the prevailing cultivar group and the
promising cultivar group, a positive correlation (r=0.048) was
observed between the amount of Cd and grain yield in the
promising low grain Cd cultivars (Figure 3b). Moreover, a
negative correlation (r=—0.186) was observed between grain
yield and Cd concentration in the prevailing cultivar (Figure
3c). Nevertheless, there was no significant correlation bet-
ween grain yield and Cd concentration.
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Figure 2. Grain yields of 6 rice cultivars grown in a Cd-polluted
paddy field. The vertical bars indicate the standard devia-
tion of 30 hills. Any given bar followed by the same letter
is not significantly different according to the Tukey HSD

test (P<0.05).
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Figure 3. Correlation between grain Cd concentration and grain yield
of all data (a), correlation between grain Cd concentration
and grain yield in a promising cultivar (b), and correlation
between grain Cd concentration and grain yield in a
prevailing cultivar (c).

As shown in Figure 4a., considering all of the data,
there were significant positive correlations between the grain
concentrations of Cd and Zn (r=0.364, P<0.01), and negative
correlations between the grain concentrations of Cd and Fe
(r=—0.065) (Figure 4a). However, when the data were grouped
into the prevailing and the promising groups, a significant
positive correlation (r=0. 471, P<0.01) was detected between
the Cd and Zn concentrations in the prevailing cultivars
(Figure 4b). On the other hand, there was no correlation
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between the Cd and Fe con-centrations in the grains
(r=-0.007) in the prevailing cultivars. Nevertheless, there
were no correlations between the grain Cd concentration and
Fe (r=—0.135) and Zn (r=0.008) in the promising cultivars
(Figure 4c).

3.3 Dietary intake of Cd

The estimated WI values of Cd for adults in the Cd-
polluted area through consumption of rice are presented in
Table 2. The highest WI of Cd through rice consumption was
from the prevailing cultivar RD6 (21.21 and 19.23 pg Cd per
BW per week for females and males, respectively). Mean-
while, the lowest WI of Cd was through consumption of the
promising cultivar RD15 and KNU2 (3.54 and 3.20 ug Cd per
BW per week for females and males, respectively). The cal-
culated PTWI of Cd in rice of the promising cultivars (RD15
and KNU2) was low compared to the FAO/WHO tolerable
daily intakes (7 pg Cd per BW per week). The results indi-
cated that the estimated WI values of Cd based on rice grain
intake alone exceeded the PTWI value of 7 ug Cd per BW per
week, except for two promising cultivars RD15 and KNU2.

Table 2. Estimated weekly intake (WI) of Cd values (ug Cd per kg
BW per week) based on rice grain Cd concentrations.
Gender?
Rice cultivar

Female Male
RD5 7.79 7.05
RD15 3.54 3.20
KNU1 7.79 7.05
KNU2 3.54 3.20
KDML105 19.80 17.95
RD6 2121 19.23

2 Average consumption of rice among a 65-year-old population at
0.268 kg per day: 53.06 kg in BW for female and 58.54 kg in BW for
male (ACFS, 2016).

4, Discussion and Conclusions

The concern over safe agricultural products with
low heavy metal contents that can be cultivated in slightly and
moderately contaminated soils has been increasing. Our pre-
vious study revealed that specific rice cultivars (RD5, RD15,
KNU1, and KNU2) had significantly lower Cd concentrations
than the prevailing cultivars (KDML105 and RD6) when
grown in the contaminated paddy fields (Sriprachote et al.,
2012b). In the current study, six rice cultivars were grown in
the soil with DTPA-extracted Cd content of 0.40 mg kg*. The
results showed that the Cd levels in the grains from rice plants
grown in soil even slightly polluted by Cd could be greater
than the limit set by CODEX which is 0.4 mg Cd kg grain
(CODEX, 2006). However, the current results indicated that
the grain Cd concentrations in the promising cultivars (RD5,
RD15, KNU1, and KNU2) were significantly lower than the
prevailing cultivars (KDML105 and RD6). Among the six
cultivars, grain Cd concentrations of the prevailing cultivars
exceeded the permissible limit of 0.4 mg kg? (CODEX,
2006). However, grain Cd concentration in all of the pro-

mising cultivars was still below the permissible limit, whereas
the Cd concentration in the prevailing cultivars was 3.6-fold
higher than the promising cultivars. The results suggest the
possibility of reducing grain Cd accumulation if the promising
cultivars were planted in the Cd-polluted fields with the po-
tential risk of excess Cd concentration.

Norton et al. (2009) concluded that grain toxic ele-
ments had a strong positive correlation with the yields. Wang
(2002) indicated that rice had a strong physiological tolerance
to Cd, but Bingham, Page, and Strong (1980) reported that the
effect of Cd on the yield of rice varied significantly with soil
pH. In the present study, the comparison between the Cd con-
centration and the grain yields revealed an unrelated correla-
tion (r=—0.099). For the promising cultivars, their grain yields
(RD5 = 5.15 kg plot?, RD15 = 5.09 kg plot?, KNU1 = 4.61
kg plot! and KNU2 = 6.26 kg plot*) were found to have ei-
ther the same amount or higher than the average grain yield
(5.17 kg plot?h). In this study, there were remarkable dif-
ferences among the rice cultivars in terms of their sensitivity
to Cd in the formation of grain yield. The promising cultivars
were strongly tolerant to Cd-polluted soils (r=0.048), while
the prevailing cultivars were sensitive to the soil (r=—0.186).
Therefore, grain yields and rice growth appeared to be variety
dependent rather than the Cd accumulation in the grains. In
addition, some rice cultivars, such as RD15 and KNU2,
showed little or no decrease in grain yield when grown in the
Cd-polluted paddy fields and contained a very low concen-
tration of Cd in brown rice. Moreover, the estimated weekly
Cd intake through rice consumption showed that RD15 and
KNU?2 could reduce the values of Cd intake (3.54 and 3.20 ug
Cd per kg BW per week for female and male, respectively) to
lower than the FAO/WHO limit (7 pg Cd per kg BW per
week). This study may provide an alternative method to select
appropriate rice cultivars for cultivation in Cd-polluted paddy
fields.

Humans require at least 23 mineral nutrients for
growth and development. The demand for most nutrients can
be supplemented by consuming cereals, particularly rice since
it is a staple crop. Saenchai, Prom-U-thai, Jamjod, Dell, and
Rerkasem (2012) analyzed 15 Thai rice cultivars. The study
showed significant differences in Fe (10.2 mg kg?) and Zn
(28.7 mg kg1) concentrations in the grain. Similar results in
rice and other staple crops were also reported (Graham, Sena-
dhira, Beede, Iglesias, and Monasterio, 1999; Jiang et al., 20
08; Yang, Ye, Shi, Zhu, and Graham, 1998). In this study, the
average concentrations of Fe and Zn of the brown grain in the
promising cultivars were 12.86 and 20.83 mg kg!, respective-
ly, and there were differences among the rice cultivars. The
results showed that the Zn concentration in grain (20.83 mg
kg!) was less than the normal value of Zn (28.7 mg kg™?) in
Thai rice, but the grain Fe concentration (12.86 mg kg*) was
still higher than the normal value (10.2 mg kg?) of Fe con-
centration in Thai rice. These results further indicated that an
effective approach is to screen and select appropriate rice cul-
tivars to improve the nutritional status of the grain. However,
considering the grain micronutrient status together with Cd
loadings, it showed that the Cd loadings could limit the mi-
neral nutrient accumulation in grain. The interaction between
Cd and micronutrients during the uptake and distribution of
the crops is a public concern. This is because the amount of
metal is closely associated with the quality of nutrition and the
safety of the rice.
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Cadmium is phytotoxic and may lead to changes in
concentration and composition of plant nutrients. The interac-
tions of Cd and metal nutrients, such as Fe, Zn, Cu, and Mn
were identified in some crops, such as wheat (Zhang et al.,
2002), barley (Wu et al., 2003) and rice (Cheng, Yao, Zhang,
& Tao, 2009). The results of this study showed that Cd had a
positive, significant effect on Zn accumulation (r=0.364,
P<0.01) in grains. In contrast, it had negative effects on Fe
accumulation (r=—0.065). Furthermore, the prevailing culti-
vars had higher increases in Fe and Zn accumulations in rice
grains due to Cd presence than the promising cultivars. The
Zn concentration was also significantly correlated with the Cd
concentration in the grain (r=0.471, P<0.01). The results im-
plied that some synergistic interaction existed in absorption
and translocation between Cd and Zn for the prevailing culti-
vars, but not for the promising cultivars. Moraghan (1993)
reported a synergistic interaction between Cd and Zn. How-
ever, there were also contradictory reports on the relationship
between Cd and Zn. Many reports concluded that Cd addition
caused a decrease in Zn concentrations in corns and tomatoes
(Mahler, Bingham, Page, & Ryan, 1982; Root, Miller, &
Koeppe, 1975), barley (Wu et al., 2003), and rice (Cheng et
al., 2009). However, in these studies, the concentrations of Fe
in the rice grains were stable. Our studies also showed that Cd
accumulation could not influence the accumulation of Fe and
Zn in rice grains for the promising cultivars. The present
results identified some rice cultivars (RD15 and KNU2) with
reduced Cd but high in Fe and Zn. This study suggested a pos-
sible way to culture rice on Cd-polluted paddy fields. It also
ensured rice safety and offered a way to solve the nutrient
deficiency problems.
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