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Abstract

Selenium (Se), as an essential micronutrient for humans is very importance for human health. In order to effectively improve
the human Se intake, increasing the Se content in food intake rice is particularly important. The growth period is the most of
importance for Se accumulated in grain of rice should be also confirmed. A sand-and solution-culture experiment was
conducted to investigate the key process, as well as the key period resulting in the increase of Se in grain through Se supplied
at different growth stages of rice. Xiushui 48 and Bing 9652 known as the high-Se and low-Se rice were grown in Kimura B
nutrient solution and transferred to 1.5 mg L™ selenite treatment for only 7 days at four different stages: jointing stage, panicle
initiation stage, flowering stage and milky stage then Se concentration in rice were measured at harvest. The accumulation and
concentration of Se in shoot and grain was significant greater in the former two treatments before panicle initiation stage than
in the latter two, in addition to the transfer coefficient and distribution coefficient have the similar trend. It indicates that the
key growth period is in between jointing stage and panicle initiation stage. The grain transfer and distribution coefficient of
Xiushui 48 in stem and grain was greater than Bing 9652. These findings confirmed that the Se in root and shoot of Xiushui 48
could be transferred and redistributed more than Bing 9652. Therefore, Se transferred from rood to shoot by xylem and
redistributed from shoot to grain by phloem are the most vital processes to make the more Se content in grain of Xiushui 48

than Bing 9652. © 2017 Friends Science Publishers
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Introduction

Selenium (Se) is an essential micronutrient element of
human and animals, which has multiple functions in
organisms to reduce the body of oxygen free radicals and
maintain a healthy immune system thus reduce the risk of
cancer (Legrain et al., 2014; Cai et al., 2016). According to
the survey results of 13 provinces and cities the daily intake
of Se in China is only 26.63 pg d*, while the recommended
Se intake is 60 pug d* (Chen et al., 2002). Absolutely it
cannot reach human Se nutritional needs. As the main staple
in China, rice is an important source of Se nutrient intake.
Increasing the grain Se content of rice through food chain is
an important way to increase Se intake in human body
(Lyons et al., 2003). Improving Se content in crop via Se
fertilizer is a commonly used method for Se biofortification,
which has been applied in rice, wheat, corn and other major
crops (Chilimba et al., 2012; Boldrin et al., 2013; Ducsay et
al., 2016). Eichgreatorex et al. (2007) showed that the
utilization rate of Se in rice was only 5-30% and the
remaining 70-95% Se retained in the soil, so the soil Se
fertilizer may cause production cost waste and potential
environmental risk (Broadley et al., 2006). Therefore, it is
of practical significance for the sustainable development of

agriculture to improve the utilization rate of Se in rice and
improve the Se content in rice, which not only solves the
current situation of people’s lack of Se but also saves the
cost and reduces the environmental pressure. Zhou et al.
(2007) showed that the uptake of soil Se in the whole
growing stage was non-constant, which means that the
contribution of different growth stages to the accumulation
of Se in rice was different. Through the study of the
absorption and accumulation characteristics of Se in
different growth stages of rice Zhang et al. (2017)
considered that the jointing stage and booting stage are the
key growing stages for the uptake and accumulation of Se in
rice. The grain Se content of different rice varieties
cultivated on the same land varied greatly for instance the
Se content of high-Se Xiushui 48 differs three times from
that of low-Se Bing 9652 (Zhang et al., 2006a). Zhou et al.
(2007) considered that the transport and distribution
characteristics of the two varieties of rice after the
absorption of Se are different. Zhang et al. (2006b)
suggested that the process of Se transporting from the roots
of rice to the shoot contributes more to the accumulation of
Se in rice than that of in the roots of rice. According to Arvy
(1982) mature leaves of bean could redistribute the Se
carried in by the movement of flow through the xylem.
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Leaves of rice have the same function (Carey et al., 2012).
The previous studies suggested that Cd loaded in xylem
could transfer directly to phloem through a “node”, then
accumulated into grain (Harris and Taylor, 2001; Uraguchi
et al., 2009) the transportation of Se might share the same
method. Thus, it is needed to further researches that which
process is the most efficient for Se accumulation in grain.
So far, the effect and contribution of Se uptake of Se to the
Se content of grain has not yet been clarified and the key
stages of Se uptake and accumulation is very important to
guide the scientific and effective application of Se fertilizer
in theory and practice. On the other hand, the key
physiological processes that cause differences in grain Se
content between rice varieties are not yet clear, which is of
great importance for understanding the difference
mechanism between Se and non-Se in rice.

In this experiment, the effects of Se nutrient solution
on the Se uptake, accumulation and distribution of high-Se
and low-Se rice varieties were studied by different growing
stages of rice. The aim of this paper is to identify the key
growing stages of Se content in rice and to identify the
differences in physiological characteristics of Se absorption,
transport and distribution of different rice varieties, which is
of great theoretical and practical significance for the
enhancement of rice Se.

Materials and Methods
Plant Growth

The study was performed in the Plant Nutrition Lab of
Southwest University in Chongging, China. The tested
varieties (provided by Institute of Soil Science, Chinese
Academy of Sciences) were high-Se Xiushui 48 (grain Se
content of 110 pg keg*) and low-Se Bing 9652 (grain Se
content of 32 pg kg™) screened from 151 rice varieties in the
previous study (Zhang et al., 2006a). Sand culture
experiment was applied the selected rice seeds were
sterilized by 10% H,O, for 15 min and rinsed with
deionized water for three times then the seeds were sown on
nylon net in plastic pots and cultured with 1/2 Kimura B
nutrient solution for 15 days. In order to overcome the
defect of hydroponic experiment, especially the biomass of
the later stage would be too large to be fixed, in this study,
sand and hydroponic culture were used. The seedlings with
consistent growth were selected and planted into 2.5 kg of
clean quartz sand (confirmed no Se after acid soaking and
cleaning) in the plastic pots which the bottom left a number
of small holes to absorb nutrient solution. Then these plastic
pots were put in a big pot filled with Kimura B nutrient
solution. The nutrient solution is formulated using the
Kimura B nutrient solution (mg L™): (NH):SO, 48.2,
MgSOs 65.9, KH,PO4 24.8, KNO; 18.5, KySO4 15.9,
Ca(NOs); 59.9, Fe-EDTA 20 pumol L%, H3BO; 2.86,
CuS04-5H,0 0.08, ZnSO4-7H,0 0.22, MnCl,*4H,0 1.81
and H.Mo0O-4H,0 0.09. Throughout the growing stage of
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rice the nutrient solution was changed every 3 days. The
pH was maintained at 5.5 by KOH. The greenhouse
conditions were: 14 h daytime with a light intensity of
300 pumol m?2-s, daytime temperature of 25°C, night time
temperature of 20°C, relative humidity of 67%.

Experimental Design

A total of 5 treatments were designed: The 4 supplemented
the Se-containing Kimura B nutrient solution (Se provided
by selenite) in jointing stage, panicle initiation stage,
flowering stage and milky stage (10, 25, 40 and 80 days
after transplanting), respectively and 1 supplemented non-Se
Kimura B nutrient solution as control. To ensure that the Se
content in rice can be detected at the mature stage in the 7-
day short term, the Se concentration in Se-containing
Kimura B nutrient was up to 1.5 mg L. According to pre-
trial, this concentration of Se does not affect the yield of
rice. Each growing stage has the supplied of Se only for 7
days, then quartz sand was replaced and non-Se Kimura B
nutrient solution was replaced to continue culture until the
rice mature. Each treatment was repeated 4 times, while the
nutrient solution was replaced every 3 days.

Sample Collected

Rice were harvested after maturing, and separated to roots,
stems (sheaths and stems), leaves and grains, rinsed with
distilled water and then dried in a 70°C dryer. Determination
of biomass and Se content was made.

Sample Analysis and Quality Control

Weighed 0.30 g of the ground plant sample and place in a
digestion tube, added 5 mL mixed acid (HNOs:
HCIOs=4: 1), soaked for 12 h after digestion. Added 2.5 mL
mixed acid after digesting under 60°C for 2 h and 100 for 1
h, added 2.5 mL1:1HCI after digesting for 2 h under 170°C
to achieve colorless solution accompanied by white smoke,
heated under 100 °C to colorless and white smoke obtained
a constant volume of 25 mL after cooling for determination.
After solution cooling, the Se content in the solution was
determined by atomic fluorescence spectrometry (AFS,
AFS-920, Beijing Jitian Instrument Co., Ltd., Beijing,
China) (Zhang et al., 2006b).

In order to verify the digestion process, the veracity
and accuracy of the subsequent analysis, the tea standard
sample (GBWQ7605, China Standard Research Center) and
the blank and samples were digested at the same time Se
recovery rate was 95-98% (Zhang et al., 2006b).

Data Analysis

The Se transfer coefficient and distribution coefficient were
calculated via following formula:

Se transfer coefficient = (Se content in the shoot/Se
content in the root) x 100% (Wan et al., 2016).
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Se distribution coefficient in shoot = (Se accumulation
in the different organs in the shoot/Se accumulation in the
shoot) x 100% (Zhang et al., 2014)

Excel 2010 and SPSS 18.0 software were used for
mapping and one-way analysis of variance and LSD (least
significant difference method) statistical method was used
for significant test.

Results

Effects of Se Supplied on Rice Biomass at Different
Growing Stages

The Se concentration of 1.5 mg L™ is designed to ensure
that the Se content in rice at the mature stage can be
measured in the 7-day short term. From Table 1, it can be
seen that the reduction of total biomass at different growing
stages was not significant compared with the control group.
The biomass of each rice organ at jointing stage and panicle
initiation stage under the Se treatment was slightly lower
than that of the control group, while almost no difference at
flowering stage and mature stage. There was no significant
difference in the Se content in rice under the two varieties of
rice treatment. The results showed that the concentration of
Se in the solution had little effect on the toxic effects of rice
growth and development.

Effects of Se Supplied on Se Content in Different Parts
of Rice at Different Growing Stages

Se supplied at different growing stages and the difference
between high-Se and low-Se rice varieties can lead to
significant differences in Se content in various organs of
rice and there is a significant interaction between Se
supplied stage and genotype (Table 2). The Se content in the
root of high-Se Xiushui 48 with Se supplied at growing
stage was significantly less than that of low-Se Bing 9652
but the Se content in the shoot and the organs of rice was
opposite. In addition to the Se content in leaves of Xiushui
48 was slightly higher than that of Bing 9652 Se content in
the other organs of Xiushui 48 was significantly higher than
Bing 9652. The average Se content of the four growing
stages with Se supplied in Xiushui 48 grains was 2.5 times
of Bing 9652.

According to Table 2, the Se content in rice with Se
supplied at flowering stage and milky stage is significantly
lower than that at jointing stage and panicle initiation stage.
The Se content in rice with Se supplied at milky stage is
smaller than that of with Se supplied at flowering stage. The
Se content of grains of Xiushui 48 and Bing 9652 with Se
supplied at jointing stage was 3.3 and 3.6 times of that at
milky stage, respectively. The Se content of roots of
Xiushui 48 is the lowest when conducting Se supplied at
jointing stage, while is the highest at panicle initiation
stage; The Se content of roots of Bing 9652 is the lowest
when conducting Se supplied at milky stage, while is the
highest at flowering stage.
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Effects of Se Supplied on Se Accumulation and Transfer
in Different Parts of Rice at Different Growing Stages

The accumulation of Se in rice is the product of the Se
content and the biomass of the organ. Seen from Table 3, Se
supplied at different growing stages and the difference
between high-Se and low-Se rice varieties can lead to highly
significant difference of Se accumulation in rice plants and
organs. There is a significant interaction between rice
genotypes. The average Se accumulation of 48 Xiushui
roots in 4 growing stages with Se supplied was significantly
lower than that of Bing 9652. On the contrary, the average
Se accumulation of 48 Xiushui roots in the shoot of rice
(except leaves are slightly higher) was significantly higher
than that of Bing 9652, where the difference of stems
and grains was the most significant. The transfer
coefficient of Se is the ratio of Se content in the shoot of
rice to Se content in the roots, which can be used to
reflect the ability of plants to transfer Se from roots to
organs. The larger the value, the stronger the migration
ability of Se in plants. The transfer coefficient of rice
was also significantly different affected by the different
growing stages with Se supplied or the differences in rice
varieties (Table 4). The average transfer coefficients of
stems, leaves and grains of Xiushui 48 in the 4 growing
stages with Se supplied were all higher than that of Bing
9652, where the average transfer coefficient of grain is 4
times of Bing 9652. This shows that compared with the non-
Se-rich variety Bing 9652 the Se-rich Xiushui 48 is more
likely to transport Se out of the root for the shoot of rice and
the grain, which is consistent with the difference in the
accumulation of Se.

The Se accumulation of two varieties of rice with
Se supplied at different growing stages was basically the
same: with the post-pone of growing stages with Se
supplied the accumulation of Se increased first and then
decreased (Table 3). The maximum value of Se
accumulation in roots with Se supplied was at flowering
stage; the maximum value of Se accumulation in shoot
of rice with Se supplied was at panicle initiation stage
and the minimum value was Se supplied at milky stage.
Taking grains as an example, Xiushui 48 and Bing 9652
with Se supplied at panicle initiation stage were 4.1 and
3.2 times of Se supplied at milky stage, respectively.

From the rice grain Se transfer coefficient of two
varieties of rice with Se supplied at different growing
stages, Se supplied at jointing stage and panicle
initiation stage are significantly higher, followed by
flowering stage and milky stage (Table 4). The transfer
coefficients of Xiushui 48 and Bing 9652 with Se
supplied at jointing stage are 3.7 and 2.6 times of Se
supplied at milky stage, respectively. The above shows
that the Se transfer coefficients of Se supplied at
panicle initiation stage and jointing stage were
significantly higher than that of Se supplied at
flowering stage and milky stage.
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Table 1: Biomass (g pot?) of whole plant and each organ of rice treated with 1.5 mg L Se for 7 days at different
growth stages

Cultivar Treatment stage Total Rice
Root Shoot Shoot
Stem Leaf Grain
Control 93.9a 109a 83a 294a 36.7a 169a
Jointing stage 80.9a 9.3a 716a 27.3a 275a 16.8a
Xiushui 48 Panicle initiation stage 8l5a 96a 719a 26.5a 285a 16.9a
Flowering stage 89.9a 105a 79.4a 28a 35.2a 16.2a
Milky stage 93.1a 106a 825a 294 a 36.6a 16.5a
Control 92.0a 9.3a 82.7a 29.5a 36.5a 16.7a
Jointing stage 79.0a 8.6a 70.4a 26.5a 27.3a 16.6a
Bing 9652 Panicle initiation stage 8l6a 8.6a 73.0a 27.2a 29.6a 16.2a
Flowering stage 86.5a 95a 77a 275a 33.2a 16.3a
Milky stage 89.7a 9.6a 80.1a 29.1a 34.6a 16.4a

Note: Values followed by the same letters within each column are not different significantly at the 0.05 probability level among treatments within cultivar.
The same as below

Table 2: Se concentration (mg kg™) in each organ of rice plant treated with 1.5 mg L Se for 7 days at different
growth stages

Cultivar Treatment stage Rice
Root Shoot Shoot
Stem Leaf Grain
Jointing stage 34.56b 445a 1097 a 134a 115a
Panicle initiation stage 4324a 469a 1021a 1.23a 143a
Xiushui 48 Flowering stage 4212 a 3.43b 8.45b 0.76 b 0.84b
Milky stage 38.65b 255b 534c 0.65¢ 0.35¢
Mean value 39.64 3.78 8.74 0.99 0.94
Jointing stage 65.76 a 3.23a 5.45a 0.87a 0.44a
Panicle initiation stage 65.45a 2.65b 5.36a 0.86 a 0.48a
Bing 9652 Flowering stage 75.56 a 243b 4.89b 0.54b 0.34b
Milky stage 56.76 b 145¢c 343c 042c 0.15c¢
Mean value 65.88 244 4.78 0.67 0.38
Significance analysis Cultivar (C) 16.3** 17.5%* 24.3** 3.6ns 24.3**
Treatment (T) 35.3** 44.3** 34 5** 23.4* 25.7 **
C*T 31.9** 35.3** 31.2** 31.5** 23.7**

Note: * and ** denote significance at 0.05 and 0.01 probability level, respectively. Because the rice of control has not detected out Se, it is not display in the
table. The same as below

Table 3: Se accumulation (ug pot?) in whole plant and each organ of rice plant treated with 1.5 mg L Se for 7 days at
different growth stages

Cultivar Treatment stage Total Root Shoot Shoot
Stem Leaf Grain
Jointing stage 584.5¢ 262.7b 3218a 268.8a 339a 19.1b
Panicle initiation stage 709.2¢c 3719a 337.3a 277.7a 36.4a 232a
Xiushui 48 Flowering stage 668.4d 400.1a 268.3a 2324a 22.2b 13.7¢c
Milky stage 554.6 ¢ 371.0a 183.6 b 155.4b 225b 5.7d
Mean value 629.2d 3514 2778a 233.6 28.8 154
Jointing stage 643.7d 480.0b 163.7 a 1324a 22.2a 8.la
Panicle initiation stage 802.9b 628.3a 1746a 1420a 245a 8.la
Bing 9652 Flowering stage 954.8a 7934a 161.4a 1369a 19.0b 55b
Milky stage 7204 ¢ 601.7 a 118.7b 100.8 b 154c 25¢
Mean value 780.5 625.9 154.6 128.0 20.3 6.3
significance analysis  Cultivar (C) 34.5** 25.4** 26.3** 123.3** 6.7ns 32.2*%*
Treatment (T) 43.2%* 34.2%* 32.5%* 35.4%* 33.3* 27.6**
C*T 27.9%* 26.4** 43.4** 42.2%* 42.3%* 42,1%*

Effects of Se Supplied on Se Distribution Coefficient in mainly distributed in the stems, followed by leaves and the

Different Shoot of Rice at Different Growing Stages least distributed in the grains. It can be seen from Fig. 1

that the Se distribution coefficients of upper Xiushui 48
The Se distribution coefficients in the shoot of rice was as leaves with Se supplied at growing stages are less than that
follows: stem>leaf>grain, indicating that the accumulation of Bing 9652 and the Se distribution coefficients of

of Se in the different growing stages of the shoot of rice was stems and grains of Xiushui 48 are larger than Bing 9652.
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The average Se distribution coefficients of the stems and
grains of Xiushui 48 with Se supplied were 84.1% and
5.5%, respectively in the 4 growing stages 82.8% and
4.0% for Bing 9652. This indicates that Xiushui 48 can
transfer more Se from shoot to grain.

Discussion

Jointing stage and panicle initiation stage is the key stages to
enhance the Se content in rice and the Se content with Se
supplied at panicle initiation stage is greater than that of Se
supplied at jointing stage (Table 2). The period between
jointing stage and panicle initiation stage is the most rapid
period for rice nutrition growth with strong metabolism of
carbon and nitrogen and the fastest biomass accumulation
(Zhang et al., 2017), therefore, this stage is the key to the
absorption of nutrients and water in rice and 50% of the
nutrient accumulation in rice is completed at this stage (Guo
et al., 2002; Liu et al., 2007) the absorbed and stored
nutrients is the basis for later grain yield. For Se, from
jointing stage to panicle initiation stage is also an important
stage for its nutrient storage and most of the grain Se in late
growth stage comes from the accumulation of Se stored in
vegetative organs. The soil culture test results of Zhou et al.
(2007) showed that the accumulation of Se in the vegetative
growth stage accounted for 65-77% of the total Se
accumulation, which also indicated that the vegetative
growth period was the key stage of rice Se absorption. It can
be seen from Table 3 that Se supplied at early growth period
(jointing stage and panicle initiation stage) is more favorable
for grain Se accumulation. Seen from the transfer coefficient
of Se in shoot (the ability to transfer Se from the roots to
shoot) the Se transfer coefficient of rice grain with Se
supplied at jointing stage and panicle initiation stage was
significantly higher than that of flowering stage and milky
stage (Table 4). Only a small part of the Se accumulation in
the shoot of Xiushui 48 and Bing 9652 is distributed to the
grains after flowering stage (Fig. 1), indicating that the Se
absorbed before the panicle initiation stage is more
important for increasing the Se content in rice. The
distribution and migration of nutrients in rice were closely
related to the stages of rice growth and development. It is
reported that the nutrients such as phosphorus and sulfur
stored in vegetative organs in jointing stage and panicle
initiation stage will later be supplied to the reproductive
organs of rice to ensure its yield (Guo et al., 2002).
Similarly, the increase of Se accumulation in the
vegetative organs of rice at this stage can ensure that
more Se will be transferred to the reproductive organs
(especially the grains) during the reproductive growth
period and that the sufficient supply of Se in the early stages
of rice production is very important for improving the Se
content. To sum up, the period between jointing stage
and panicle initiation stage is very important to improve
the absorption and accumulation of grain Se content,
which is very important to improve the grain Se content.
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Table 4: Transfer coefficient (%) of Se in each organ of
rice plant treated with 1.5 mg L Se for 7 days at different
growth stages

Cultivar Treatment stage Shoot
Stem Leaf Grain
Jointing stage 3l.7a 39a 33a
Panicle initiation stage 236b 28a 3.3a
Xiushui 48 Flowering stage 20.1bc 1.8b 2.0b
Milky stage 138¢ 1.7b 09c
Mean value 223 26 24
Jointing stage 8.3a 13a 0.8a
Panicle initiation stage 82a 13a 0.7a
Bing 9652 Flowering stage 6.5b 0.7b 04b
Milky stage 6.0b 0.7b 0.3b
Mean value 7.3 1.0 0.6
Significance  Cultivar (C) 58.5**  57.3** 38.6**
analysis Treatment (T) 52.3%*  431** 33.1**
CxT 365 20.6%%  40.3**
W|Stem B Leaf O Grain
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Fig 1: Distribution coefficient (%) of Se in each organ of
shoot treated with 1.5 mg L Se for 7 days at different
growth stages

In the practice of production, the application of soil Se
fertilizer prior to the panicle initiation stage is more
conducive to improve the Se content in rice meanwhile
other agronomic biological measures will also improve the
grain Se content.

Se accumulates from the soil to the grains through
three physiological processes, namely the roots absorb Se
from the soil solution, transport it from the roots to the shoot
through the xylem and then transfer it from the shoot to the
rice grains (Liu et al., 2007; Carey et al., 2012). The
different transporting rate and quantity of Se may result in
different Se content in rice. Therefore, it is very important to
understand the effects of the three physiological processes
on the accumulation of Se in rice and to understand the
difference mechanism of grain accumulation in rice. From
Table 3, it can be concluded that the accumulation of Se at
different growing stages of high-Se Xiushui 48 was
significantly lower than that of Bing 9652, indicating that
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the absorption capacity of high-Se Xiushui 48 was less than
that of low-Se Bing 9652. This also suggests that the
difference between the two varieties in the Se content in rice
is not due to differences in the ability of the roots to absorb
Se from the soil. The results showed that the Se content and
Se accumulation in Xiushui 48 grains were about 2.5 times
that of Bing 9652 and the transfer coefficient of each organ
was almost 3 times that of Bing 9652 and the transfer
coefficient of grain was even 4 times (Tables 3 and 4). The
key to the high Se content in Xiushui 48 grains lies in the
post two physiological processes, ie Se being transferred
from the roots to the shoot through the xylem and then
transported from the shoot to the rice grains. Zhou et al.
(2014) found that the Se concentration in the xylem of high-
Se rice was twice as high as that of the low-Se rice varieties
but the Se content of the two grains was different by three
times, indicating that the Se being transferred from the roots
to the shoot is not the only reason for the difference in Se
accumulation in different rice varieties. The experiment of
Carey et al. (2012) showed that leaves of rice are the most
active organs of assimilation and an important source for
grain enrichment. Therefore, the flag leaves are an
important Se source for the accumulation of Se in shoot and
grains and the Se is transferred mainly through the phloem
to the grains. The results showed that the distribution
coefficients of Se in the leaves of Xiushui 48 and Bing 9652
were 10.3 and 13.1%, respectively and 5.5 and 4.0% in the
grains, respectively (Fig. 1), indicating that the Se in
Xiushui 48 leaves is more easily transported into the grains.
Therefore, the re-transport process of rice Se from leaf to
grain through phloem is also the key physiological process
to determine the accumulation of Se in rice. In summary, the
main reason for the difference in Se accumulation in high-
Se Xiushui 48 and low-Se Bing 9652 grains is that in the
latter two physiological processes, Se is transported from
the roots to the shoot through the xylem and re-transported
from the shoot to the grains through the phloem. Some
proteins in rice are responsible for the above two Se
transport physiological processes. Studies have shown that
silicon transport protein (OsNIP 2; 1) regulates the selenite
uptake and transport to the shoot (Zhao et al., 2010). The
selenite in rice is absorbed by the phosphate transporter
(OsPT2) (zhang et al., 2014a). The high-affinity sulfur
transport protein is mainly responsible for the transport of
sulfur in the plant. Sulfur and Se belong to the same main
family and have similar transport routes. Terry et al. (2000)
reported that excessive expression encoding high-affinity
sulfur transport protein increased the Se accumulation of
Indian mustard twice and this implies that high-affinity
sulfur transport protein regulates the accumulation of
selenate in plants. From the above, we can conclude that the
activity and expression quantity of silicon transport protein
and high-affinity sulfur transport protein in the stems and
flag leaves of high-Se Xiushui 48 may be higher than that of
low-Se Bing 9652 in the process of grain maturation but the
scientific hypothesis needs to be further validated by trial. In
general, inorganic Se enters rice and is assimilated into
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organic Se in the roots (Zhou et al., 2010). Leduc et al.
(2006) confirmed that the double transgenic ATP thiolase
and Se cysteine methyltransferase plants absorb Se nine
times more than that of wild types. Then, if the activity and
expression quantity of the activity and expression quantity
inlow-Se Xiushui 48 were significantly higher than those in
low-Se rice Bing 9652, so far unclear. In conclusion, the
molecular mechanism of the accumulation of Se in two
varieties of rice is the focus of the next step.

Jointing stage and panicle initiation stage are the most
key stages to enhance the Se content in rice and it is
beneficial to increase Se fertilizer or to improve the bio-
availability of soil Se via agronomic measures in this period,
which is of great significance to formulate the practice plan
of high-Se rice production. Leaf is an important “source” of
Se accumulation in grains then the delay in leaf senescence
can improve the transfer of leaf nutrients to the grain.
Studies have shown that delaying leaf senescence
significantly increased the redistribution of several elements
such as nitrogen, iron, copper, manganese and zinc from
vegetative organs to rice grains (Sheehy et al., 2004; Gamett
and Graham, 2005; Yan et al., 2010). This study shows that
the transfer coefficient of Se in Xiushui 48 leaves is almost
three times that of Bing 9652 (Table 4). The fact that
Xiushui 48 has a higher transfer coefficient of grain Se may
be related to its slower leaf senescence rate, which needs
further verification. In the practice, many agronomic factors
such as nitrogen, potash fertilizer application and
appropriate water management measures can delay leaf
senescence (Li et al., 2012; Zhou et al., 2013). At the same
time, the increase of light intensity at the late growth stage
of rice will cause the leaf area of rice to increase and delay
the senescence of leaves (Gamett and Graham, 2005), which
will make the accumulation of Se in rice grains more
favorable for redistribution of leaf Se. Then the nitrogen
fertilizer, potash fertilizer operations, appropriate water
management and supplied of light and other measures at the
growing stage of rice may delay the leaf senescence, so that
more leaf Se elements are redistributed into the grains,
thereby increasing the grain Se content.

Conclusion

The studies led to conclusion that the period between
jointing stage and panicle initiation stage is the key period to
improve the Se content in rice and the Se content of rice
with Se supplied at panicle initiation stage is greater than
that at jointing stage. And we also indicated that the process
of Se absorption by roots is not the key process causing
differences in grain Se content. The physiological process of
rice Se being transported from the root to the shoot and the
distribution of Se from the flag leaf to the grain are the key
physiological processes determining the accumulation level
of grain Se and also the root cause of the difference between
high-Se and low-Se rice varieties. Thus, it is conductive to
improve the Se content in rice by increasing Se fertilizer or
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taking agronomic measures to improve the bioavailability of
soil Se from jointing stage to panicle initiation stage. By
applying appropriate agronomic measures to delay the
senescence of leaves can reallocate more Se into the grains
S0 as to improve the Se content in grains, which is of great
theoretical and practical significance for the biological
enhancement of Se in rice.

Acknowledgements

The funding of this work was supported by National Natural
Science Foundation of China (31372141 and 31672238),
funded by Chongging Research Program of Basic Research
and Frontier Technology (No. cstc2017jcyjAX0425) and
Fundamental Research Funds for the Central Universities
(XDJK2017D197).

References

Arvy, M.P., 1982. Translocation of selenium in the bean plant (phaseolus-
vulgaris) and the field bean (vicia-faba). Physiol. Plant., 56: 299-302

Boldrin, P.F., V. Faquin, S.J. Ramos, K.\V.F. Boldrin, F.W. Avila and L.R.G.
Guilherme, 2013. Soil and foliar application of selenium in rice
biofortification. J. Food Compos. Anal., 31: 238-244

Broadley, M.R., P.J. White, R.J. Bryson, M.C. Meacham, H.C. Bowen, S.E.
Johnson, M.J. Hawkesford, S.P. Mcgrath, F.J. Zhao, N. Breward, M.
Harriman and M. Tucker, 2006. Biofortification of UK food crops
with selenium. Proc. Nutr. Soc., 65: 169-181

Cai, X., C. Wang, W. Yu, W. Fan, S. Wang, N. Shen, P. Wu, X. Li and F.
Wang, 2016. Selenium exposure and cancer risk: an updated meta-
analysis and meta-regression. Sci. Rep., 6: 1-18

Carey, AM., K.G. Scheckel, E. Lombi, M. Newville, Y. Choi, G.J. Norton,
A.H. Price and A A. Meharg, 2012. Grain accumulation of selenium
speciesinrice (Oryzasativa L.). Environ. Sci. Technol., 46: 5557-5564

Chen, L., F. Yang, J. Xu, Y. Hu, Q. Hu, Y. Zhang and G. Pan, 2002.
Determination of selenium concentration of rice in China and effect of
fertilization of selenite and selenate on selenium content of rice. J.
Agric. Food Chem., 50: 5128-5130

Chilimba, A.D., S.D. Young, C.R. Black, M.C. Meacham, J. Lammel and
M.R. Broadley, 2012. Agronomic biofortification of maize with
selenium (Se) in Malawi. Field Crop Res., 125: 118-128

Ducsay, L., O. Lozek, M. Marcek, M. Varenyiova, P. Hozlar and T. Losak,
2016. Possibility of selenium biofortification of winter wheat grain.
Plant Soil Environ., 62: 379-383

Eichgreatorex, S., T.A. Sogn, AF. Ogaard and I. Aasen, 2007. Plant
availability ofinorganicand organic selenium fertiliser as influenced by
soil organicmattercontentand pH. Nutr. Cycl. Agroecosys., 79: 221-231

Gamett, T.P. and R.D. Graham, 2005. Distribution and remobilization of iron
and copper in wheat. Ann. Bot., 95: 817-826

Guo, Z.H.,H.S. Li, Y.Z. Zhang, J.L. Huang and C.Y. Huang, 2002. Effects of
phosphorus levels onhybrid ricegrow and characteristics of phosphorus
transportation (In Chinese). Chin. J. Rice Sci., 16: 151-156

Harris, N.S. and G.J. Taylor, 2001. Remobilization of cadmium in maturing
shoots of near isogenic lines of durum wheat that differ in grain
cadmium accumulation. J. Exp. Bot., 52: 1473-1481

Leduc, D.L., M. Abdelsamie, M. Montes-Bayon, C.P. Wu, S.J. Reisinger and
N. Terry, 2006. Overexpressing both ATP sulfurylase and
selenocysteine methyltransferase enhances selenium phytoremediation
traits in Indian mustard. Environ. Pollut., 144: 70-76

1607

Legrain, Y., Z. Touat-Hamici and L. Chavatte, 2014. Interplay between
selenium levels, selenoprotein expression and replicative
senescence in WI-38 human fibroblasts. J. Biol. Chem., 289: 6299
6310

Li, M., Z. Wang, L. Zeng, Q. Shi, X. Pan and X. Tan, 2012. Effects of water
deficit and increased nitrogen application in the late growth stage on
physiological characters of anti-aging of leaves in different hybrid
rice varieties. Agric. Sci. Technol., 13: 2311-2322

Liu, H.J.,, J.L. Zhang, P. Christie and F.S. Zhang, 2007. Influence of
external zinc and phosphorus supply on Cd uptake by rice (Oryza
sativa L.) seedlings with root surface iron plaque. Plant Soil, 300:
105-115

Lyons, G., J. Stangoulis and R. Graham, 2003. High-selenium wheat:
biofortification for better health. Nutr. Res. Rev., 16: 45-60

Sheehy, J.E., M. Mnzava, K.G. Cassman, P.L. Mitchell, P. Pablico, R.P.
Robles, H.P. Samonte, J.S. Lales and A.B. Ferrer, 2004. Temporal
origin of nitrogen in the grain of irrigated rice in the dry season: the
outcome of uptake, cycling, senescence and competition studied
using a N-15-point placement technique. Field Crop Res., 89: 337—
348

Terry, N., AM. Zayed, M.P. De Souza and A.S. Tarun, 2000. Selenium in
higher plants. Annu. Rev. Plant Biol., 51: 401-432

Uraguchi, S., S. Mori, M. Kuramata, A. Kawasaki, T. Arao and S. Ishikawa,
2009. Root-to-shoot Cd translocation via the xylem is the major
process determining shoot and grain cadmium accumulation in rice.
J. Exp. Bot., 60: 26772688

Wan, Y., Y. Yu, Q. Wang, Y. Qiao and H. Li, 2016. Cadmium uptake
dynamics and translocation in rice seedling: Influence of different
forms of selenium. Ecotox. Environ. Saf., 133: 127-134

Yan, Y.F., D.H. Choi, D.S. Kim and B.W. Lee, 2010. Absorption,
translocation, and remobilization of cadmium supplied at different
growth stages of rice. J. Crop Sci. Biotech., 13: 113-119

Zhang, L., W. Shi, X. Wang and X. Zhou, 2006a. Genotypic Differences in
Selenium Accumulation in Rice Seedlings at Early Growth Stage
and Analysis of Dominant Factors Influencing Selenium Content in
Rice Seeds. J. Plant Nutr., 29: 16011618

Zhang, L., W. Shi and X. Wang, 2006b. Difference in selenite absorption
between high- and low-selenium rice cultivars and its mechanism.
Plant Soil, 282: 183-193

Zhang, L.H., B. Hu, W. Li, R.H. Che, K. Deng, H. Li, F.Y. Yu, H.Q. Ling,
YJ. Li and C.C. Chu, 2014. OsPT2, a phosphate transporter, is
involved in the active uptake of selenite in rice. New Phytol., 201:
1183-1191

Zhang, H., X. Zhang, T. Li and F. Huang, 2014. Variation of cadmium
uptake, translocation among rice lines and detecting for potential
cadmium-safe cultivars. Environ. Earth Sci., 71: 277-286

Zhang, C., X. Zhou and A. Gao, 2017a. Uptake and Accumulation of
Selenium and Iron Coating on Rice Root at Different Growth Stages
(In Chinese). Acta Pedol. Sin., 54: 692—701

Zhao, X.Q., N. Mitani, N. Yamaji, R.F. Shen and J.F. Ma, 2010.
Involvement of silicon influx transporter OsNIP2; 1 in selenite
uptake in rice. Plant Physiol., 153: 1871-1877

Zhou, W., Y. Huang, F.Q. Leng, Z.Y. Lai, W.J. Ren and W.Y. Yang, 2013.
Effects of postponing nitrogen application on leaf senescence of
indica hybrid rice. Res. Crop, 14: 357-366

Zhou, X.B., W.M. Shi and L.Z. Yang, 2007. Genotypical differences and
characteristics of Se uptake and accumulation in rice. Soils, 39: 731
736

Zhou, X.B., SH. Yu and F. Lai, 2014. Mechanisms of differences in
selenium absorption and transport between rice plants different in
cultivar (In Chinese). Acta Pedol. Sin., 51: 594-599

(Received 17 July 2017; Accepted 26 July 2017)


http://xueshu.baidu.com/s?wd=paperuri%3A%2893285831c50e5b4e4bbd6ada55499ae6%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.jstor.org%2Fstable%2F10.2307%2F23697309%3FSearch%3Dyes%26resultItemClick%3Dtrue%26searchText%3Dau%3A%26searchText%3D%22Neil%2520Harris%22%26searchUri%3D%252Faction%252FdoBasicSearch%253Fymod%253DYour%252Binbound%252Blink%252Bdid%252Bnot%252Bhave%252Ban%252Bexact%252Bmatch%252Bin%252Bour%252Bdatabase.%252BBut%252Bbased%252Bon%252Bthe%252Belements%252Bwe%252Bcould%252Bmatch%25252C%252Bwe%252Bhave%252Breturned%252Bthe%252Bfollowing%252Bresults.%2526amp%253BQuery%253Dau%253A%252522Neil%252520Harris%252522%2526amp%253Bsi%253D1&ie=utf-8&sc_us=14379434921783430495
http://xueshu.baidu.com/s?wd=paperuri%3A%2893285831c50e5b4e4bbd6ada55499ae6%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.jstor.org%2Fstable%2F10.2307%2F23697309%3FSearch%3Dyes%26resultItemClick%3Dtrue%26searchText%3Dau%3A%26searchText%3D%22Neil%2520Harris%22%26searchUri%3D%252Faction%252FdoBasicSearch%253Fymod%253DYour%252Binbound%252Blink%252Bdid%252Bnot%252Bhave%252Ban%252Bexact%252Bmatch%252Bin%252Bour%252Bdatabase.%252BBut%252Bbased%252Bon%252Bthe%252Belements%252Bwe%252Bcould%252Bmatch%25252C%252Bwe%252Bhave%252Breturned%252Bthe%252Bfollowing%252Bresults.%2526amp%253BQuery%253Dau%253A%252522Neil%252520Harris%252522%2526amp%253Bsi%253D1&ie=utf-8&sc_us=14379434921783430495
http://xueshu.baidu.com/s?wd=paperuri%3A%2893285831c50e5b4e4bbd6ada55499ae6%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Fwww.jstor.org%2Fstable%2F10.2307%2F23697309%3FSearch%3Dyes%26resultItemClick%3Dtrue%26searchText%3Dau%3A%26searchText%3D%22Neil%2520Harris%22%26searchUri%3D%252Faction%252FdoBasicSearch%253Fymod%253DYour%252Binbound%252Blink%252Bdid%252Bnot%252Bhave%252Ban%252Bexact%252Bmatch%252Bin%252Bour%252Bdatabase.%252BBut%252Bbased%252Bon%252Bthe%252Belements%252Bwe%252Bcould%252Bmatch%25252C%252Bwe%252Bhave%252Breturned%252Bthe%252Bfollowing%252Bresults.%2526amp%253BQuery%253Dau%253A%252522Neil%252520Harris%252522%2526amp%253Bsi%253D1&ie=utf-8&sc_us=14379434921783430495
http://xueshu.baidu.com/s?wd=paperuri%3A%286c99ec31131be418735168163d6b3711%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Feuropepmc.org%2Farticles%2FPMC2692013%2F&ie=utf-8&sc_us=14968746037572220201
http://xueshu.baidu.com/s?wd=paperuri%3A%286c99ec31131be418735168163d6b3711%29&filter=sc_long_sign&tn=SE_xueshusource_2kduw22v&sc_vurl=http%3A%2F%2Feuropepmc.org%2Farticles%2FPMC2692013%2F&ie=utf-8&sc_us=14968746037572220201

