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Abstract Under the same conditions of selenium application and application period, different application concentration treatments were set

carry out the field plot experiments. The results showed that different treatments had no effect on the growth and development of rice plants;

different treatments had an effect on the economic traits of rice; selenium treatment increased the number of filled grains per panicle, seed set-

ting rate and 1 000-grain weight, thus increasing yield; the level of yield was Se4 >Se3 >Se2 >Sel >Se0; different treatments had a greater

effect on the milled rice rate; selenium treatment increased the milled rice rate; the milled rice rate of Se3 and Se4 treatments were 65% and

64% , respectively, which was significantly higher than that of the control group; the general law of selenium absorption of rice was leaf > stem

>rice; the selenium content in leaves, stems and rice of different treatments was the highest in Se3 treatment; both the selenium content of

rice (total selenium and organic selenium) and the ratio of organic selenium to total selenium in the selenium treatment met the local food safe-
ty standard of Hubei Province Selenium content of Selenium-enriched Foods (DBS42/002-2014) ; selenium-treated rice plants had a high seleni-

um utilization rate, in the range of 51.26% -64.12% , exceeding 50% .

Key words Bio-organic selenium, Rice, Agronomic economic traits, Absorption and distribution

1 Introduction

Rice is the second largest grain crop in the world, and its sown ar-
ea and total yield are second only to wheat. China’s rice planting
area accounts for about 30% of the grain crop planting area, while
total rice yield accounts for more than 40% of the total grain
yield. Both of its sown area and total yield rank first in the grain
crops. In China, about 65% people take rice as the staple
food""’. Among the nutrients of rice, about 80% are starch, but
the starch granules are extremely small, easy to be absorbed by
the human body, about 7% are protein, about 2% are fat, other
nutrients such as cellulose, minerals and vitamin B group are
rich, and rice contains little crude fiber and no cholesterol .
The nutrients in rice have high digestibility and absorption rate,
especially when the protein content is small, but the protein is
easily absorbed and utilized by the human body, and rice is rich in
lysine and threonine. With the development of society and the im-
provement of people’s living standards, the diet of people has
changed from having enough to eat to eating well, eating safely
and eating healthily. The development of selenium-enriched indus-
try just conforms to this historical trend and can satisfy the de-
mands of people’s growing and better life. Rice is an ideal carrier
for daily selenium supplement. Selenium-enriched rice is the most

convenient and popular selenium-enriched product. The develop-
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ment of high-quality green and safe selenium-enriched rice indus-
try plays an important role and positive significance in promoting
the structural reform of agricultural supply front, implementing ru-
ral revitalization strategy, improving people’s daily dietary struc-
ture, and promoting the national health.

Selenium is an essential trace nutritional element for the hu-
man body. Selenium is a component of glutathione peroxidase
(GSH-Px) of both animal and human body and a prosthetic group
of the active part of the enzyme family. It has functions of preven-
ting and resisting cancer, protecting cardiovascular and cerebro-
vascular systems, protecting liver, protecting eyes, removing tox-
ins and resisting heavy metals, anti-oxidation, enhancing immuni-
ty, delaying aging and improving reproductive functions; it can
prevent more than 40 kinds of diseases such as Keshan disease and
Kaschin-Beck disease, cardiovascular diseases, cancer, and dia-
betes ° 7. In China, 72% of the regions are located in the sele-
nium-deficient and low-selenium belts. The food produced in low-
selenium soils generally has low selenium content, while the lack
of dietary selenium intake seriously affects people’s health. There-
fore, merely relying on natural foods, it is difficult to meet the
normal needs of the human body; the low selenium and selenium-
deficient state of the human body are seriously threatening people’s

[8-9]

health and causing potential harm In China, nearly two-

thirds of people are deficient in selenium or at the edge of seleni-

17 The recommended daily intake of selenium by

um deficiency
Chinese Nutrition Society is 60 pg. The safe and suitable range for
daily intake of selenium in normal adults is 60 —250 pg. In 2017,
the National Health and Family Planning Commission of the

People’s Republic of China (NHFPC) formulated a standard and
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recommended the highest safe intake of selenium of 400 pg
111 The selenium elements found in nature can be divided into
chemical selenium and bio-selenium. Chemical selenium generally
refers to inorganic selenium ( sodium selenite and sodium sele-
nate) and synthetic organic selenide and chemical nano-selenium;
bio-selenium is formed by bio-conversion of selenium and organic
substances in the living body, generally selenoprotein, selenium
peptide, selenium amino acid, selenium polysaccharide, selenium

15-17]

nucleic acid , efc. or bio-nano selenium converted by sele-

. . . . (18]
nium-enriched microorganisms .

Chemical selenium has high
toxicity and low absorption rate. Compared with chemical seleni-
um, bio-selenium has the advantages of safe use, no toxic side
effects, high absorption and utilization rate, high nutritional val-
ue, efc. , so it is the first choice for selenium supplement. Micro-
bial selenium-enriched fermentation is an important subject for the
development of selenium using biological resources and has broad
prospects. Selenium protein, selenium polypeptide, selenium ami-
no acid, selenium polysaccharide and selenium nucleic acid are
all excellent selenium supplement agents that are easy to be ab-
sorbed by animals and plants, and have good pharmacological and
health effects.

At present, the organic selenium can be obtained through mi-

. . . . . 18
crobial conversion, plant conversion and animal conversion '

190 and lactic

Most of the microbial conversion methods use yeast
acid bacteria !, but the conversion efficiency of inorganic sele-
nium into bio-selenium is not high, and the highest is only 30% ,
at least 70% of inorganic selenium are left. The successful con-
version of bio-selenium using other selenium-enriched microorgan-

isms has been studied successfully ™.

In the selenium-deficient
and low selenium areas, increasing the selenium content in crops
is an effective way to increase the selenium nutrition for human
body (2] " while in selenium-enriched areas, selenium content in
agricultural products is difficult to meet the standard merely by re-
lying on selenium in soil ™. To obtain agricultural products with
high organic selenium content, it is necessary to rely on bio-en-
richment of selenium, in other words, through bio-conversion.
However, at present, agricultural production usually adopts sodi-
um selenite to spray outside of roots to obtain selenium-enriched
agricultural products. This method has low selenium utilization
rate and the efficiency of conversion to organic selenium is not
high. As a result, the content of organic selenium in selenium-en-
riched agricultural products is very low, and it is harmful to both
crops and human health, the safety is low, the amount of use is
large, and the times of use are many, leading to secondary pollu-
tion to both the soil and water body. We carried out an experiment
through applying bio-selenium converted from microorganisms to
the rice, in order to provide references for producing rice meeting
the local food safety standard of Hubei Province Selenium content
of Selenium-enriched Foods ( DBS42/002-2014) and containing
high content of organic selenium on the high quality, green, and

safe principles.

2 Materials and methods

2.1 Basic conditions of experiment We carried out this ex-
periment in the Ye Baihua Responsibility Field of the 9th Group of
Yefang Village, Hongshan Town, Yingshan County, Hubei Prov-
ince in 2016. The experimental soil did not contain selenium. The
experimental variety was Ezhong No. 5, and the seed amount used
in field was 2 kg. The rice seeds were sowing on April 21. In pad-
dy field, 150 kg of urea fertilizer was applied 20 d after sowing in
one hectare; transplanted on May 23, spacing in the rows and
spacing between rows were 16.5 ecm x 26.4 c¢m, double trans-
planting, east-west row, applied 750 kg of 16-10-10 compound
fertilizer for one hectare field, and 7 d after transplantation, ap-
plied 75 kg of 16-10-10 compound fertilizer for one hectare field.
Other management measures were the same as general field.

2.2 Experiment design The bio-organic selenium preparation
for the experiment was a patented product independently developed
by the selenium-enriched research team of Hubei Academy of Ag-
ricultural Sciences (Patent No. 201610338121.6). The experi-
ment set 0 (Se0, control), 10 (Sel), 20 (Se2), 30 (Se3) and
40 mg/L (Se4) of selenium concentration ( calculated as Se),
3 repetitions, a total of 15 plots, plot area of 20 m* (4 m x5 m).
Each plot was applied with 9 mL of bio-organic selenium prepara-
tion ( selenium content of bio-organic selenium preparation was
5 000 mg/L, calculated as Se). Specifically, 45 mg of selenium
(calculated as Se) each plot, equivalent to 4 500 mL of bio-or-
ganic selenium preparation and 22.5 g of selenium ( calculated as
Se) per ha. Selenium was sprayed once on the leaf surface at the
beginning of the filling on August 18.

2.3 Sampling analysis On September 15th, samples were col-
lected in the field, each plot selected 5 sampling 5 points, taking
3 pockets per point, a total of 15 pockets to count the number of
effective spikes per hectare, and randomly selecting 10 panicles
from 15 pockets for each plot. The rice was harvested on Septem-
ber 16, each plot was harvested and threshed separately, counted
the actual yield of plot, calculated the yield per hectare. For dif-
ferent treatments of the 3 repetitive plots, each plot randomly se-
lected half samples to mix, separate the grains, leaves, and stem,
sent to the National Selenium Product Quality Supervision and In-
spection Center for testing the selenium content in different parts
of rice plants, and the rest half samples were processed by small
processing machine to polished rice, and calculated the milled rice
rate. The significance of differences between treatments was ana-

lyzed using SAS v9.4 software.

3 Results and analysis

3.1 Effects of different treatments on agronomic traits of
rice
3.1.1

number of effective panicles per unit area. The plant heights for

Effects of different treatments on rice plant height and

different treatments and the number of effective panicles per hec-
tare are listed in Table 1. According to Table 1, there was no

difference in plant height between different treatments and the
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number of effective panicles per hectare because the growth and
development of rice had already been completed and the plant

height and the effective panicle per unit area had been formed

when selenium was applied. In other words, selenium application
exerts no effect on plant height and the number of effective pani-

cles per unit area.

Table 1 Effects of different treatments on rice plant height and number of effective panicles per unit area

Treatment Plant Number of effective panicles Number of effective panicles Number of effective panicles
concentration // mg/ L height // cm (panicle/pocket) (panicle/15 pockets) (10* panicle/ha)

0 107.4 13.67 205 313.80

10 106.5 13.80 207 316.80

20 106.3 14.20 213 325.95

30 106. 1 14.00 210 321.45

40 107.4 14.33 215 328.95

3.1.2 Effects of different treatments on seed setting traits of rice.
Effects of different treatments on seed setting traits of rice (the total
number of grains per panicle, the number of filled grains per pani-
cle, and the seed setting rate) are listed in Table 2. According to
Table 2, the total number of grains per panicle and the number of
filled grains per panicle of the four selenium treatments were higher

Table 2 Effects of different treatments on seed setting traits of rice

than that of the control group, they were the highest in the concen-
tration of 30 mg/L, having significant differences with the control
group, and concentrations of 10 and 20 mg/L, having no significant
differences with the concentration of 40 mg/L; the seed setting rate
was also the highest in concentration of 30 mg/L, but the differences
were not significant between different treatments.

Treatment concentration // mg/L Total number of grains per panicle

Number of filled grains per panicle Seed setting rate // %

0 160.1 a
10 159.0 a
20 161.1 a
30 166.5 b
40 164.1 ab

140.6 a 87.8
141.0 a 88.7
142.4 a 88.4
151.3 b 90.9
146.4 ab 89.2

3.1.3 Effects of different treatments on 1 000-grain weight and
milled rice rate of rice. According to Table 3, the 1 000-grain
weight of the treatment with the concentration of 40 mg/L was the
highest, and the difference between the treatment and the concen-
tration of 10 mg/L was significant, and the difference between the
treatment and other treatments was not significant; the selenium
treatment increased the milled rice rate by 1 —5 percentage points,
the highest was treatment with concentration of 30 mg/L., and the
milled rice rate was 65% , which was significantly different from
the control group.

3.1. 4

Effects of different treatments on yield traits of rice are listed in

Effects of different treatments on yield traits of rice.

Table 4. According to Table 4, the yield of selenium treatment plot
was higher than that of the control, the highest was treatment with

Table 4 Effects of different treatments on yield traits of rice

concentration of 40 mg/L, the plot yield was 18. 67 kg, increasing
by 10. 9% compared with 16. 83 kg of the control group, the
difference reached significant level; the second was the treatment
with concentration of 30 mg/L, the plot yield was 17. 83 kg, in-
creasing by 5.9% compared with 16. 83 kg of the control group,
the difference reached significant level.

Table 3 Effects of different treatments on 1 000-grain weight of rice
Treatment concentration // mg/L 1 000-grain weight /g Milled rice rate /%

0 24.5 a 60 a
10 24.7 a 61 ab
20 25.1 ab 62 ab
30 25.2 ab 65 ¢
40 25.7b 64 be

Treatment concentration // mg/L Grain yield of the plot//kg

Grain yield // kg/ha

Stem and leaf yield of the plot //kg Grain-straw ratio

0 16.83 a 8421.0 a 23.33 0.72
10 17.33 ab 8 671.5 ab 23.17 0.75
20 17.50 ab 8 754 ab 23.50 0.75
30 17.83 be 8920.5 be 23.00 0.78
40 18.67 ¢ 9337.5¢ 24.00 0.78

3.1.5 Effects of different treatments on absorption and distribu-
tion of rice. The results (Table 5) indicate that the general law of
selenium absorption of rice was leaf > stem > rice; the selenium
content in leaves, stems and rice of different treatments was the
highest in treatment with concentration of 30 mg/L. The selenium

content in leaves treated with selenium concentrations of 20, 30,
and 40 mg/L were significantly higher than that with concentration
of 10 mg/L, and the difference between treatments with concentra-
tions of 20, 30 and 40 mg/L was not significant; the selenium con-

tent in stems treated with selenium was significantly higher than
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that of the control, but the difference between selenium treatments
was not significant; both the selenium content of rice (total seleni-
um and organic selenium) and the ratio of organic selenium to total
selenium in the selenium treatment met the local food safety stand-
ard of Hubei Province Selenium content of Selenium-enriched Foods
(DBS42/002-2014) (total selenium of rice is 0.2 —=0.5 mg/kg,
and the ratio of organic selenium to total selenium =80% ) ; the
total selenium of rice in treatments of 30 and 40 mg/L was close to
but not higher than the upper limit of the standard, and the ratio of
organic selenium to total selenium was 83. 6% and 84.9% , re-

spectively, and significantly higher than the treatments of concen-
trations of 10 and 20 mg/L, the differences between concentrations
of 30 and 40 mg/L and between concentrations of 10 and 20 mg/L
were not significant, the ratio of organic selenium to total selenium
of both exceeded 80% , but the difference was not significant, in-
dicating that the ratio of organic selenium to total selenium was
very stable; the selenium utilization rate of rice plants treated with
selenium was 51.26% —64.12% , higher than 50% , indicating

that the utilization rate was very high.

Table 5 Effects of different treatments on absorption and distribution of rice

Selenium content in rice / mg/kg

Treatment Selenium content Selenium content - - - - Selenium utilization

concentration // mg/L in leaves // mg/kg in stems // mg/kg TUl(:il Orga-mc Ratio of 01'gam-c selenium rate of rice // %
selenium selenium to total selenium /%

0 0.122 a 0.080 a 0.044 a 0.040 a 90.9 -

10 0.748 b 0.528 b 0.331 b 0.276 b 83.4 64.12

20 1.254 ¢ 0.524 b 0.317 b 0.259 b 81.7 59.61

30 1.290 ¢ 0.540 b 0.432 ¢ 0.361 ¢ 83.6 56.39

40 1.247 ¢ 0.535 b 0.430 ¢ 0.365 ¢ 84.9 51.26

Note: both the total selenium and organic selenium content were tested by National Selenium Product Quality Supervision and Inspection Center ( Hubei).

4 Conclusions and discussions
4.1 Conclusions Under the same conditions of selenium appli-
cation and application period, we carried out different application
concentration treatments on the field plot, and reached the follow-
(i) Different treatments had no effect on the

growth and development of rice plants. The selenium application

ing conclusions.

period was carried out in the early stage of grain filling, rice
growth and development has been completed at this time. Selenium
application having no effect on rice growth and development does
not mean that selenium has no influence on growth and develop-
ment of rice. (ii) Different treatments had an effect on the eco-
nomic traits of rice; selenium treatment increased the number of
filled grains per panicle, seed setting rate and 1 000-grain weight,
thus increasing yield; the level of yield was Se4 > Se3 > Se2 > Sel
> Se0; (iii) Different treatments have a greater effect on the
milled rice rate; selenium treatment increased the milled rice rate;
the milled rice rate of Se3 and Se4 treatments were 65% and
64% , respectively, which was significantly higher than that of the
control group. (iv) The general law of selenium absorption of rice
was leaf > stem > rice, which is consistent with studies of other
scholars. The selenium content in leaves, stems and rice of differ-
ent treatments was the highest in Se3 treatment Both the selenium
content of rice (total selenium and organic selenium) and the ratio
of organic selenium to total selenium in the selenium treatment met
the local food safety standard of Hubei Province Selenium content of
Selenium-enriched Foods (DBS42/002-2014) ; (v) Selenium-trea-
ted rice plants had a high selenium utilization rate, in the range of
51.26% —-64.12% , exceeding 50% .

4.2 Discussions (i) At present, agricultural production main-
ly uses inorganic selenium, chemically synthesized selenide and
selenium ore fines for biological enhancing. Such selenium is es-
sentially a toxic and harmful chemical input, and there is a high

risk, for example, low safety, secondary pollution, and low crop

utilization, as a result, the amount of use is large. The selenium
content of the product is not up to standard, especially the content
of organic selenium is low. In the context of the state constantly
strengthening agricultural product safety and agricultural product
production environment, it is recommended to highly promote the
use of safe, efficient and pollution-free bio-organic selenium.

(ii) it is recommended to produce selenium-enriched agricul-
tural products on the high quality and green principle. In terms of
the rice variety, it is recommended to select high-quality conven-
tional rice varieties; in the production environment, production
process and product quality, it is necessary to implement green
food standard; in the use of selenium, it is recommended to form
standardized and normalized bio-organic selenium as selenium
sources, grasp the optimal amount of use, optimal concentration,
optimal model, and optimal period, so as to accurately meet the
standard.

(iii) Studies have shown that the application of bio-organic
selenium has a certain effect on economic traits, yield traits and
quality traits of rice, and the results are not consistent with find-

24 possibly because they used inor-

ings of Huang Taiqing et al.
ganic selenite as the selenium source.

(iv) The production of selenium-enriched agricultural prod-
ucts should firstly determine the content of selenium in the edible
parts, especially the inorganic selenium content, because only
when crops actively absorb the selenium and convert the selenium
into their nutritional substances, may they contain high organic se-

%) indicated that only

lenium content. The study of Zhang et al.
when there is certain amount of selenomethionine in the root, may
selenium be trabsoirted through the nitrate transporter NRT1. 1B to
the grains, and the situation is the same for leaves. Thus, exoge-
nous bio-organic selenium plays an important role in increasing the
selenium content of agricultural products such as rice, especially

the content of organic selenium. We should not exaggerate the
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effect of selenium on crop agronomic traits and quality traits to
avoid the problem of selenium content, especially the problem that
the content of organic selenium not up to standard. According to
the comprehensive analysis of the results of this study, when using
bio-organic selenium for exogenous bio-enhancement of rice, it is
recommended to use 4 500 mL/ha (22.5 g of Se) , and the appli-
cation concentration is 30 —50 mg/L; the leaves should be sprayed
once in the early stage of rice filling.
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