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Abstract

Background: The element selenium (Se) deficiency is thought to be a global human health problem, which could
disperse by daily-supplement from Se-rich food. Increasing the accumulation of Se in rice grain is an approach
matched to these nutrient demands. Nonetheless, Se is shown to be essential but also toxic to plants, with a
narrow margin between deficiency and toxicity. Notably, the regulatory mechanism balancing the accumulation
and tolerance of Se in Se-rich rice plants remains unknown.

Results: In this study, we investigated the phenotypical, physiological, and biochemical alterations of Se-rich rice in
the exposure to a variety of Se applications. Results showed that the Se-rich rice was able to accumulate more
abundance of Se from the root under a low Se environment comparing to the Se-free rice. Besides, excessive Se
led to phytotoxic effects on Se-rich rice plants by inducing chlorosis and dwarfness, decreasing the contents of

antioxidant, and exacerbating oxidative stresses. Furthermore, both phosphate transporter OsPT2 and sulfate
transporters OsSultr;2 may contribute to the uptake of selenate in rice.

Conclusions: Se-rich red rice is more sensitive to exogenous application of Se, while and the most effective
application of Se in roots of Se-rich rice was reached in 20 uM. Our findings present a direct way to evaluate the
toxic effects of Se-rich rice in the Se contaminated field. Conclusively, some long-term field trial strategies are
suggested to be included in the evaluation of risks and benefits within various field managements.
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Background

Selenium (Se) is an indispensable micronutrient for the
health of humans and animals. Studies have shown that
Se supplementation enhances the ability to scavenge free
radicals, coordinating immune responses and delaying
the aging of the immune system [1-3]. Seprevents the
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cellular senescence process and death through interfer-
ing the accumulation of peroxides and scavenging free
radicals, thereby reducing or delaying the production of
lipofuscin [4]. The uptake of Se is closely related to hu-
man Se nutritional status, which appearances that either
lack or excess uptake of Se negative impacts human’s
health [5, 6]. While the demanded amount of Se to
human of Se is extremely low, the abundance of Se is
relative rare in the Earth’s crust. Nevertheless, Se defi-
ciency is thought to be a global human health problem,
demanding a urgently address [7].

Plant scientists believe that Se is a beneficial element,
since it is involved in regulating plant growth and
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development, ranging from regulating plant photosyn-
thesis and respiration, reducing free radicals damages,
enhancing plant stress resistance, to alleviating the heavy
metals-induced toxicity [1, 6]. At the same time, it can
increase the contents of chlorophyll and carotenoid
leaves, reducing damages caused by ultraviolet-induced
oxidative stresses [8—10]. It has been demonstrated that
Se exhibits either beneficial or toxic effects on plant
growth and development in a low or high concentra-
tion, respectively. Although the contents of Se vary by
species and cultural regions, monitoring and optimizing
its quality and concentrations is a promising way to
avoid undesirable Se deficiency and toxicity [6, 11].
However, the role of Se in plant physiology has not yet
been elucidated [12].

Rice (Oryza sativa L.), one of the most important
crops, is the main food source to over half of the world’s
population and contributes 55-80% to the total calorie
in a daily diet [13, 14]. It is meaningful to study the ef-
fects of sodium selenate on the growth and physiology
in rice. At present, the research on selenization of rice
branches mainly into two subjects: one is to improve the
content of Se in rice by exogenous application of sodium
selenite from the perspective of the betterment of the
physiological cultivation of rice; the other one is to gen-
erate Se-rich progeny by genetic combination of a var-
iety of Se enriched parents from perspective of
traditional breeding [1, 12, 15, 16]. It has shown that the
discrimination of genotypes determines the different ap-
pearances of the uptake and enrichment of Se in rice
[17]. Molecular evidence has suggested that the silicon
(Si) transporter protein Lsil (OsNIP2; 1) is permeable to
selenite in rice [18].The Pi transporters, in particular,
OsPT2, catalyzes the uptake of selenite, indicating a
similar uptake mechanism shares between selenite and
phosphate (Pi) [19].The sulfate transporter SULTRI;2
plays a central and specific role in regulating selenate
sensitivity in both Arabidopsis and Stanleyapinnata [12,
20, 21]. Also, cadmium (Cd) has antagonistic effects to
Se [14]. To sum up, it appears that the uptake of Se in
plants is mediated by various transporters of ion
elements. However, the underlying mechanisms of Se
enrichment in the grains of soil-grown Se-rich rice are
yet to be revealed.

In this study, the Se-rich red-colored grain hybrid rice
Z2057A/CR727 and the sibling Se-free rice CR727 were
included to explore the physiological effects of sodium
selenate, by evaluating their physiological growth re-
sponses to the application of a range of concentrations
of Se. The behavior of Se transport was observed in both
rice variants, indicating that the Se-rich rice is capable
to facilitate the uptake and transportation of Se from
roots to leaves. The main rice physiological characters,
including the contents of anthocyanin and Se in different
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parts and biochemical activities, has been determined in
2 d- and 14 d- old plants, providing a better understand-
ing of plant responses and behaviors related to Se status.
Regarding to a better physiological plant growth in the
existence of Se, an optimized level of sodium selenate
should be assessed and applied in the field crop
applications.

Results

The Se-rich rich is more sensitive to the application of

Se than the Se-free rice variety

To reveal the physiological responses to Se, the seedlings
of the Se-rich red-grain rice Z2057A/CR727 and the
control Se-free rice CR727 were subjected to a range of
exogenous Se treatments. The root growth in both rice
variants was promoted in the presence of Se in a dose-
dependent manner and impaired in the higher concen-
tration of Se (80 uM) (Fig. 1a and b). With the increasing
of Se, the Se-induced increase and inhibition of root
elongations occurred earlier in Z2057A/CR727 than in
CR727, at 10 pMv.s. 20 uM and 40 uMv.s. 80 uM, re-
spectively, indicating that the Se-rich rice is more sensi-
tive to the application of Se than its Se-free counterpart.
Similar response patterns were demonstrated in the ob-
servation of the leaf length, even though the overall leaf
lengthofthe Se-rich rice are shorter than that of the Se-
free rice in every conditions (Fig. 1a and c), demonstrat-
ing that there is a suitable range of exogenous Se to pro-
mote growth in a particular rice variety.

We next investigated whether the involvement of Se
affects the content of chlorophyll. The results sug-
gested that Se increase the accumulation of chloro-
phyll in a dose-dependent manner, which is in line
with the phenotypes observed in the growth of roots
and leaves (Fig. 1d).

To understand how the above physiological alterations
occurred in the present of Se, the Se distributions in dif-
ferent organs after a 14 d exposure to exogenous Se
were analyzed. With the increasing of Se, the internaliza-
tion of Se accumulated accordingly in roots, stems, leaf
tips and main leaves (Table 1). It was observed that the
Se contents increased significantly with the increasing
concentrations of sodium selenate in different plant
parts. A similar ascending trend for Se accumulation
was observed for Se-free rice and Se-rich rice for root
and stem parts, while the trend for leaf tips and all leaf
produce was different for material under investigation.
Under the treatments of 20 uM and 40 uM Se, the accu-
mulation of Se was maximum in the stem, leaf tips, and
all leaf produce, while a high concentration of 80 uM
decreased the Se accumulation. The result indicated that
the Se-rich rice was more sensitive to Se uptake than the
Se-free rice.
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Fig. 1 The phenotype observation of seedling (a), Root length (b), leaf length (c), chlorophyll (d), phenotype in the presence of exogenous Se.
Bar=5cm, data presents as mean + SE (n=10, a, b; n=3, ¢). Different letters indicate significant differences (p < 0.05)
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The effects of exogenous Se on the aboveground
architectures of rice seedlings

To assess the effects of Se on rice morphology, we ob-
served the alterations of the aboveground architectures
in response to the application of a gradient of Se con-
centrations for 2 d and 14 d. Regardless of the treatment
duration and the presence or absence of Se, the plant
heights of the Se-free rice were always higher than the
Se-rich rice (Fig. 2). Nevertheless, in the comparison to
the Se-free rice, the height of Se-rich was impaired
clearly in presence of a high concentration of Se (80 uM)
at both 2 d and 14 d, indicating that the Se-rich exhibits
a fast and primary response to exogenous Se toxicity
(Fig. 2). There is no change in leaf color or appearance
during short-term exposure to a series of Se concentra-
tions (Fig. 2)a. On the contrary, although the plant
height was still increasing, the long-term exposure under
a high concentration of Se (80 uM) induced the yellow-
ing of leave in both rice varieties which is in accordance
with the decrease of chlorophyll (Fig. 1d and 2b) and
inparticular, increasing senescence in leaves of the Se-
rich rice were observed, demonstrating that the uptake
of Se may result in cell death-related events.

The production of reactive oxygen species in response

to Se

ROS has been considered to mediate the primary re-
sponse of plant resistance to environmental toxicity [22—
24]. Thus, we reasoned that ROS signaling might be in-
volved in rice response to Se toxicity during long-term
exposure. To this end, we first investigated the produc-
tion of the major ROS, superoxide (0*) and hydrogen
peroxide (H,O,) in response to Se by using histochem-
ical staining methods, NBT staining and DAB staining,
respectively. With the increasing of Se concentrations,
the staining of NBT and DAB gradually spread to the
entire leaf blade (Fig. 3a and b). Interestingly, the blast
of accumulation of O®~ and H,0, began from 40 uM Se
in leaves of Se-rich rice, while it occurred earlier in those
of Se-free rice.

To quantify the endogenous oxidative stress in accom-
pany with the generation of ROS, the activity of SOD
and the content of MDA in leaves were measured. Inter-
estingly, the Se-rich rice had higher SOD activity than
the Se-free rice in the absence of exogenous Se. The ac-
tivity of SOD increased with the increasing of Se until a
threshold (80 uM) where it plummeted reversely (Fig.

Table 1 The contents of Se in roots, stems, main leaves, and leaf tips in Se-rich rice and Se-free riceafter treatment for 14 d

Selenium Root Stem Leaf Leaf tip

(Com/i“t) CR727 22057A/ CR727 22057A/ CR727 22057A/ CR727 220577/
mg/kg CR727 CR727 CR727 CR727

0 0.024° 0.068° 0.032¢ 0.078° 0.036° 0.084° 0.027¢ 0.077¢
10 uM 1.243¢ 1.528¢ 52434 8528° 4327° 10498¢ 3.253¢ 7367
20 UM 2984 3682° 8.984° 12.283° 7.566° 20363° 4358° 12.753°
40 M 5547° 5893° 10.546° 13.896° 11.383° 18652° 6.355° 10.692°
80 UM 6.582° 7.491° 11.583° 12493° 11.159° 14351¢ 5.850° 9.494°

Lowercase letters (a, b, ¢, d and e) on the right of the data indicate the statistical significance between different groups according to Duncan'stest (p < 0.05)
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Fig. 2 Phenotypes of aboveground architectures of grown seedlings of Se-rich rice and Se-free rice in presence of exogenous Se for 2 d (a) and
14 d (b). Bar=5cm.
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Fig. 3 The determination of ROS in Se-rich rice and Se-free rice in presence of exogenous Se. (a) Nitrobluetetrazolium (NBT) staining of
superoxide. (b) diaminobenzidine (DAB) staining of hydrogen peroxide (H,0,). (c) The activity of superoxide dismutase (SOD). (d) The content of
methane dicarboxylic aldehyde (MDA). (e) The value of relative water content (RWC). Data presents mean + SE (n = 3) and different letters indicate
significant differences (p < 0.05)
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3c), which is matched to a dose-dependent manner pre-
sented at the whole-seedling level (Fig. 1 and 2). As the
consequence, the content of MDA, an indicator of lipid
peroxidation in plant cells [25, 26], declined in an op-
posite tendency to the increasing of the activity of SOD
induced by Se in the exception of leaves at 80 uM Se
where the activity of SOD was strongly inhibited, sup-
porting that the elimination of ROS would be activated
once its generation (Fig. 3d). Conclusively, the above evi-
dence supported that ROS signaling is involved in the
primary rice response to Se toxicity during long-term
exposure.

Loss of water is one of the responses in leaves to ex-
ternal stresses in plants [22]. We next studied whether
there are differences between Se-rich and Se-free rice,
which may contribute to the diverse Se responses in
these two varieties. The relative water contents (RWC)
was determined. Intriguingly, while there are only slight
changes of RWC in the Se-free rice, the values of RWC
of the Se-rich rice in the presence of Se decreased
remarkably at concentrations of 40 uM and 80 pM.

The gene expression patterns of Se uptake- and
transport-related factors in the application of
exogenous Se

To understand the underlying mechanism of distinct Se-
mediated physiological responses in Se-rich and Se-free
rice varieties, we investigated the gene expression pat-
terns of some key Se uptake- and transport-related fac-
tors in the application of exogenous Se by using real-
time quantitative PCR (RT-qPCR). The expression of
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consistently up-regulated in the application of increasing
concentrations of Se, indicating that OsPT2 might play a
key role in the transportation of Se (Fig. 4a). Interest-
ingly, the expression levels of OsPT2 in the Se-rich rice
were higher than in the Se-free rich in regardless of ad-
ditions of Se (Fig. 4a). In absence of Se, there is no dif-
ference in the expression levels of the Si influx
transporter encoding gene OsNIP2;1 in the two rice var-
ieties, by contrast, its expression pattern differed in the
presence of Se (Fig. 4b). Compared to the control, there
was no change of expression until a dramatically de-
crease in the highest concentration of Se in the Se-free
rice (Fig. 4b). Speaking of its expression pattern in re-
sponse to Se in the Se-rich rice, an increasing and re-
versely declining of expression were sequentially
demonstrated in lower concentrations of Se (10 uM and
20 uM) and higher concentrations (40 uM and 80 pM),
respectively, with a peak expression at point of 10 uM
when the seedlings began to respond to Se-induced
physiological growth (Figs. 1, 2, and 4b). In line with the
previous assumptions [27, 28], the unique expression
patterns presenting in the two rice varieties support that
OsNIP2;1 may serve as a main positive regulator in Se
transportation. Although the result showed that Se con-
tinuously induces the expression of OsSultrl;2, a sulfate
transporter in presence of all concentrations of Se, we
observed no obvious difference between the two rice
varieties in those scenarios (Fig. 4c). Notably, the Se-rich
rice accumulated enhanced expression level of OsSultri;
2 than the Se-free rice in absence of Se (Fig. 4c), indicat-
ing that the activity of OsSultrl;2 may contribute to a

OsPT2, which encodes phosphate transports, was relatively stunted shoot architecture of Se-rich rice
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Fig. 4 Expression patterns of ion transporter genes in roots of seedlings in the presence of exogenous Se. (a) the phosphate transporter gene
OsPT2. (b) the Si influx transporter gene OsNIP2;1. (c) the sulfate transporter gene OsSultr1;2. (d) the Cd related transporter gene CALI. The
expression levels were normalized by the reference genes Actin1 and EF1a. Data presents mean + SE (n = 6)
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(Figs. 1 and 2a) and positively mediate its sensitiveness
to exogenous Se. Interestingly, the expression of CALI,
which encodes a Cd relative transporter maintains stable
in absence and presence of Se in the Se-free rice,
whereas it has been inhibited in the Se-rich rice (Fig. 4d).
Conclusively, the gene expression data demonstrated
that the uptake and transport of Se rely on known ion
transporters, connecting to the assimilation processes of
other elements.

Discussion

Over 85% world widely of the rice is white-hulled, while
the remaining is in a diversity of colored hulls, mainly in
purple, black, and red [29]. In eastern Asia countries,
China, Japan, South Korea and parts of Southeast Asia,
colored rice has been consumed over centuries [30].
Colored rice is thought to possess abundant nutritional
values. For instance, in vitro and in vivo studies have
shown that extracts from colored rice have high antioxi-
dant activity and free radical scavenging capability ex-
periments [13, 31]. In this study, the red-colored Se-rich
hybrid rice Z2057A/CR727 and one of its parental lines
white-colored Se-free rice CR727 were included as
experimental materials (Fig. 5a and f). The phenotypes
and physiological effects of exogenous Se on the two rice
varieties were studied. The results demonstrated that
lower concentrations of Se supplement in a certain
range are beneficial to the growth of rice, while the
Se-rich hybrid rice is more sensitive to the applica-
tions of Se, suggesting that a dose-dependent regula-
tory mechanism is involved in rice responds to
exogenous Se.

In consistence with the differences in grain colors, the
content of anthocyanin is positively correlated to the
content of Se in seeds and brown rice (Fig. 5b-f). Antho-
cyanin, which is one of the major products of flavonoid
synthesis, is a class of water-soluble plant natural
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pigments [13, 32]. Anthocyanin has strong antioxidant
activity to reduce and eliminate the effects of free radi-
cals [33]. While the low concentration of Se promotes
the growth of roots and leaves of rice, high Se inhibits
[34]. SOD is a major antioxidant enzyme related to the
scavenging of ROS, maintaining the balance of active
oxygen metabolism to protect the entirety of membrane
structure [35]; MDA is one of the final products of per-
oxidation of unsaturated fatty acids, the accumulation of
which results indamages to cell membranes [36]. Never-
theless, the alterations of the SOD activity and the con-
tent of MDA present in a negative correlation; while the
increasing concentrations of Se until 40 uM led to the
enhancing of SOD activity and the declining of MDA ac-
cordingly. The SOD activity depressed dramatically at
the highest concentration of Se (80 M), as result, the
content of MDA increased, supporting that rice release
from exogenous Se toxicity by activating ROS signaling
(Fig. 3a and b). Although it has been assumed that the
exposure of high concentration of Se which is beyond a
certain physiological threshold would be toxic to both
rice varieties, the underlying mechanism of regulation of
the generation of ROS and the activation of SOD arestill
yet to be elucidated.

It has been reported that the loss-of-function mutant
sultrl;2 in Arabidopsis which retains other sulphate
transporters, diminishes the capacity of taking up of sel-
enate and exhibits elevated tolerance to Se in compari-
son to the wild-type plants [20, 21]. The presenting
result (Fig. 4c) is in accordance with the previous study
that the expression of SULTRI;2 was promoted by the
application of Se in Arabidopsis [12], providing evidence
that SULTR1;2 acts as a conserved factor in mediating
the assimilation of Se among plant species. In rice, the
overexpression of OsPT2 was able to increase the uptake
of Se [37], while the capacity was greatly compromised
in the Ospt2 mutant [19]. The defect of the Si influx
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transporter gene OsNIP2;1 resulted in a dismissal of dis-
tributions of Se in the shoots and xylem sap when the
exogenous Se was supplied [18]. Our expression analysis
showed that as low concentration as 10 uM of Se in-
duced the expression of OsNIP2;1 in the Se-rich rice
72057A/CR727, when there is no change in the control
group of Se-free rice CR727, indicating that OsNIP2;1
may serve as a main positive regulator in Se transporta-
tion in rice plants and is associated with their endogen-
ous Se level. On the other hand, previous studies have
unraveled that the root exodermis and xylem paren-
chyma cells preferentially expressed Cd-related trans-
porter gene CAL1 acts as a long-distance Cd transport
in xylem vessels by chelating Cd in the cytosol facilitat-
ing Cd secretion to extracellular spaces, hence balancing
the concentrations of cytosolic Cd [38]. Whether there
is a synergic or related effect in the assimilations of Cd
and Se has been largely unknown. In this study, we in-
vestigated the expression patterns of CALI in rice plants
in the presence of Se. In contrast with the control Se-
free rice which maintained a relatively stable expression
of CALI, its expression in the Se-rich rice decreased
gradually to the lowest level in 40 uM of Se, indicating
that CAL1 may negatively mediate the sensitiveness of
Se application in the Se-rich rice. In addition, NRT1.1B,
a member of the rice peptide transporter (PTR) family,
is thought to improve the accumulation of Se in grains
by facilitating selenomethinone (SeMet) translocation,
provide novel insights into the breeding of Se-rich rice
varieties [10]. In line with the previous report that roots
of Se-hyper accumulator plants activate the expressions
of ion transporters [39], the intervention on the ex-
pression activities of the abovementioned factors may
contribute to the uptake capacity of Se for rice varieties.

On one hand, different rice varieties tend to exhibit
different potentials in accumulating and accreting Se,
and on the other hand, the exogenous Se stress oppos-
itely determines the accumulation pattern of Se in differ-
ent rice, therefore, it would be significant to understand
how and what regulates the responses to the exposure of
Se in rice varieties. The evidence showed that the organ-
locally accumulation of Se in rice appeared in the follow-
ing descending orders: leaves, stems, and roots in the
presence of exogenous Se (Table 1). The determination
data revealed that the increased accumulation of Se in
seed and brown rice of the Se-rich rice Z2057A/CR727
is a trait that inherits from its parental line Z2057A
(Fig. 5a and e).

In current working model, the accumulation of Se was
proposed to mainly relate to the translocation efficiency
of this element (Fig. 6). In line with the previous study
that the Se-rich rice adapts itself well only to low
concentration of exogenous Se [40] (Fig. 1 and 2), our
results supported that the Se-rich rice is more sensitive
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to the exposure of Se toxicity than the Se-free rice, rising
those different management strategies are demanded for
rice varieties based on case-by-case dissections. It would
be promising to understand the underlying mechanism
by identification and validation of involved genetic
factors in the future.

Conclusions

This study demonstrated that Se-rich rice is more sensi-
tive to Se application. It can accumulate more Se from
the root in low selenate environment while at high con-
centration of selenate application the effects were
inverted. Besides, excessive selenate can cause phyto-
toxic effects on Se-rich rice plants by inducing chlorosis,
dwarfness, reduced antioxidant contents, and exacerbat-
ing oxidative stress. In addition, we conclude that
selenate enhanced gene transcription of phosphate
transporter OsPT2 and sulfate transporters OsSultrl;2
to improve the uptake of Se. Meanwhile, hydroponically,
the best Se concentration was 20 uM for Se-rich red rice
root environment. Such findings can be useful to esti-
mate the direct toxic effects of Se contamination on Se-
rich rice in the field. To draw a sound conclusion, long-
term field trials are still required, including risks and
benefits analysis for various management strategies.

Methods

Plant materials, growth conditions and treatments
healthy

The seeds of Se-free rice (Oryza sativa L.) CR727 and
its hybrid progeny Se-rich red-grain rice Z2057A/
CR727 were obtained from the collection of Demon-
stration Base for International Science & Technology
Cooperation of Sichuan Province, Rice Research Insti-
tute, Sichuan Agricultural University, China with per-
mission. Rice seeds were sterilized with 1% (v/v)
NaClO for 20 min before rinsing 5 times in sterilized
double-distilled water (ddH,O). To stimulate uniform
germination, seeds were submerged in the sterilized
ddH,O and incubated at 37°C for 3 d in avoidance
of light. Seedlings were hydroponically cultured in
half-strength Kimura B nutrient solution (pH5.5) at
25°C, under the condition of 12 h light and 12h dark
[18]. The solution was renewed every 3 d to ensure
fresh and nutrient stable during a long-term period
[17]. In the exogenous Se stress test, the healthy
seedlings were continuously growing in presence of a
gradient of concentrations of sodium selenate
(NaySeQ,, referring as Se hereafter) and mock control
for additional 2 d or 14 d [41, 42]. Three independent
biological replicates were included in phenotype ob-
servations and a variety of assays, while the fully ex-
panded second leaves were harvested to determine
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Fig. 6 A working model of the uptake and assimilation of Se in the Se-rich rice. The uptake of soil selenate (SeO5>") stimulates and relies on the
expression of two transporter genes in roots, initiating a quick response to internalize Se gradually from the root, stem, leaf and husk to the grain,

growth-related parameters in the assessment of
physiological and biochemical responses.

Measurement water status of leaves

Relative water content (RWC) of leaves was introduced
to quantify the water status of leaves. Fresh leaves were
detached and weighed immediately to 0.1 g and desig-
nated as the fresh weight (FW). The same leaves were
then soaked in ddH5O at 4 °C in darkness for 24 h before
weight and designated as turgid weight (TW). After that,
leaves were subjected to 80 °C for no less than 3d to get
sufficient drying prior to weight and designated as for

dry weight (DW). The RWC was calculated as (FW-
DW)/(TW-DW) x 100% [43].

Measurement of physiological parameters

Total leaf chlorophyll (Chl) content analysis, fresh leaves
(0.1 g) were immersed in 10 ml of dimethyl sulphoxide
(DMSO) in the dark for 48 h, and then the leaf extract
was measured at 663 and 645 nm with a spectrophotom-
eter as described by Arnon et al. [44, 45]. The contents
of Chl (mgg ') were calculated by the following
formula:
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(20'29A645 + 8.O5A663) X v x 1000

Totalchlorophyll (mg g 71) = w

The content of superoxide dismutase (SOD) and me-
thane dicarboxylic aldehyde (MDA) were determined by
a spectrophotometer-based method. SOD and MDA
were first labelled by using a kit (A001-1 SOD and
A003 MDA) from Nanjing Jiancheng Bioengineering In-
stitute and according to the manufacturer’s instructions.
After the reaction, the appearances of SOD and MDA
were determined by subjecting the products to a UV-
visible spectrophotometer equipped with cuvettes of 1
cm path length, respectively (T6S, Puxi, Co., Ltd,
Beijing, P. R. China). After harvesting the values, the ac-
tivity of SOD and content of MDA were calculated ac-
cording to the following formula

Total SOD Activity (U-g™")
ODA_ODB VReuctian Total
= [ L2 =509 x ——xton o

< 0D, ) % x

W tissue /g

VSumple Fluid
Vhomogemzte /ml

Tissue MDA Content (nmolg’l)
o < ODSample_ODSumple Blank
- ODstandara—ODstandard Biank
- Wtissue/ g

) X 10(nmol-ml_1 )

Histochemical analysis of reactive oxygen species

To detect the presence of superoxide in leaves, the
leaves were incubated in the staining solution of nitro-
bluetetrazolium (NBT, 0.1%) as described previously
[46]. To detect the accumulation of hydrogen peroxide
(H20,), Rice leavesof seedlings after 14 d exogenous
treatment with or without (control) Se were collected
and stained in a 3,3’-diaminobenzidine-HCI (DAB, 1.0%)
solution as described previously [46].

Table 2 Oligo sequences used in this study

Gene
Actin1 (Os03g0718100)

Primer sequences

FW: TCCATCTTGGCATCTCTCAG
RV: GTACCCGCATCAGGCATCTG

FW: TTTCACTCTTGGTGTGAAGCAGAT
RV: GACTTCCTTCACGATTTCATCGTAA

FW: AAACTTCCTCGGTATGCTCATG
RV: ATGTTTATGACATCACGCTTGG

FW: AACATCCAAGTGTGATAGGACG
RV: ACACAAAGACGTAGCTAGTGAT

FW: TCAAAGAAGAACCCGCTAGATT
RV: GCAATTCCAAGGAAGCCTTTAA

FW: AGTCGCGTGTTCTCCTTTGT
RV: AGTCGCGTGTTCTCCTTTGT

EF1a(0s03g08010)

OsPT2(0s03905640)

OsNIP2;1(0s02g51110)

OsSultr1;2(0s03g0195500)

CAL1(0s0290629800)
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Measurements of se and anthocyanin content

An atomic fluorescence spectrophotometer was applied
to determine the Se content as described previously [47,
48]. Briefly, after grinding into fine powder, 0.5g sam-
ples were weighted and filled into a glass vial containing
a pre-prepared solution of 9 ml HNO3; and 1 mL HCIO,.
The sampling solutions were ultrasonicated with a fixed
setup of parameters (temperature, duration, and fre-
quency) at 20°C, 4 h, and 100 Hz, respectively, following
by a digestion process in the presence of HNOj; in a
180 °C-electric hot plate (EH20A Plus, Labtech, USA).
The digested products were then diluted with a suitable
amount of 37% hydrochloric acid to reduce Se (VI) into
Se (IV) within a consistent temperature of 90 °C, as re-
sult, a whitish concentrated solution was generated in a
volume of 1 ml due to the heating-induced evaporation.
The measurements were carried out in an atomic fluor-
escence spectrophotometer (RGF-6800, Bohui Co., Ltd.,
Beijing, China). The values were put into the following
formula to calculate the content of Se (mg/kg):

(C-Cy) x V x 1000
m x 1000 x 1000

Se content =

where C is the measured value of Se concentration in
the digested solution (ng/mL); Cy is the measured value
of Se concentration in the control group (without any
samples, ng/mL); m is the mass of sample; V is the total
volume of digested solution. The measurements were
performed in triplicate.

The extraction of anthocyanin from rice was deter-
mined as described previously [13]. The content of
anthocyanin was calculated by putting the values into
the following formula:

Total anthocyanins (mg‘g"l)
[(As30—A620)—0.1(Ags50-As20)] X V y
e X m x 1000

M

where V is the total volume of extraction solution (mL);
¢ is the anthocyanin molar extinction coefficient (4.62 x
10°%); m is the mass of sample (g); M is the molecular
weight of anthocyanin. The measurements were per-
formed in triplicate. The measurements were performed
in triplicate.

Relative genes expressionanalysis

According to the qRT-PCR method [3], mRNA of two-
week treatment rice seedling roots was extracted by
using the TRI pure reagent kit (Aid Lab). Primers used
in these assays synthesized by Qingke Company (Qing-
keZixi Co., Ltd., Chengdu, China) are listed in Table 2,
and the expression levels were normalized to those of
the Actinl and EFla as indicated. gqRT-PCR was carried
out on a CFX96 Real-Time PCR Detection System (Bio-
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Rad) with SYBR Green Master Mix (2X) to monitor
double-stranded DNA synthesis using a three-step PCR
cycling program (95 °C for 15, followed by 40 cycles of
95°C for 15s, 55°C for 15s and 72°C for 20s). The
2784€T method was used to calculate the expression
levels of target genes [49, 50].

Statistical analysis

All the phenotype observations and physiological assays
were performed in biological triplicates. Data were pre-
sented as mean + standard error (SEM). Statistical ana-
lysis was performed with an SPSS 24.0 statistical
package (SPSS Inc.,, Chicago, IL, USA). One-way
ANOVA was carried out with multiple comparisons
using Duncan’s test to evaluate significant differences at
0.05 probability level.

Abbreviations

Cd: cadmium; Chl: Chlorophyll; DAB: 3,3"-Diaminobenzidine; ddH,O: Double
distilled water; H,O,: Hydrogen peroxide; MDA: Methane dicarboxylic
aldehyde; NBT: Nitrobluetetrazolium; Pi: Phosphate; qRT-PCR: Quantitative
reverse transcription polymerase chainreaction; ROS: Reactive oxygen species;
Se: Selenium; Si: Silicon; SOD: Superoxide dismutase

Acknowledgments
Not applicable.

Authors’ contributions

JZ and YL conceived the project and designed the experiments; YL, MUF, ZT,
TZ, HHE, RZ, YZ, XY and XJ performed the experiments; YL, LL, XH, FHP and
LZ analyzed the data; YL, MUF, LZ, and YS finalized the manuscript. All
authors have read and approved the manuscript.

Funding

This study was supported by the International Cooperation and Exchange
Projects of Sichuan Province (2017HH0031, 2018HH0016) and the
International S&T Innovation and Cooperation Project of Sichuan Province
(2019YFH0126) to Prof. Jianging Zhu. The National Natural Science
Foundation of China (31801210), the Natural Science Foundation of Hubei
Provincial Department of Education (Q20182104) and the Start-up Founda-
tion of Hubei University of Medicine (2016QDJZR11) to L.Z.There is no role
of the funding bodies in the design ofthe study and collection, analysis, and
interpretation of data and in writingthe manuscript.

Availability of data and materials
The datasets used and analyzed during the current study available from the
corresponding author on reasonable request.

Ethics approval and consent to participate

The rice seeds, Se-free rice (Oryza sativa L) CR727 and its hybrid progeny Se-
rich red grain rice Z2057A/CR727 were procured from the collection of Dem-
onstration Base for International Science & Technology Cooperation of Si-
chuan Province, Rice Research Institute, Sichuan Agricultural University, China
with permission. Our project does not used transgenic technology therefore
it does not require ethical approval.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

1Crop Genetics and Breeding, Rice Research Institute, Sichuan Agricultural
University, Chengdu 611130, Sichuan, China. 2Laboratory of Medicinal Plant,
Institute of Basic Medical Sciences, School of Basic Medicine, Biomedical

Page 10 of 11

Research Institute, Hubei Key Laboratory of Wudang Local Chinese Medicine
Research, Hubei University of Medicine, Shiyan 442000, Hubei, China. *Hubei
Key Laboratory of Embryonic Stem Cell Research, Taihe hospital, Hubei
University of Medicine, Shiyan 442000, Hubei, China. “Dujiangyan Agricultural
and Rural Bureau, Dujiangyan 611830, Sichuan, China.

Received: 17 July 2019 Accepted: 26 November 2019
Published online: 17 December 2019

References

1. Schiavon M, Pilon-Smits EAH. Selenium biofortification and
phytoremediation Phytotechnologies: a review. J Environ Qual. 2017;46:10.
https://doi.org/10.2134/jeq2016.09.0342.

2. Mansour ATE, Goda AA, Omar EA, Khalil HS, Esteban MA. Dietary
supplementation of organic selenium improves growth, survival,
antioxidant and immune status of meagre, Argyrosomus regius,
juveniles. Fish Shellfish Immunol. 2017;68:516-24. https://doi.org/10.
1016/j.f51.2017.07.060.

3. Zeng R, Liang Y, Faroog MU, Zhang Y, Ei HH, Tang Z, et al. Alterations in
transcriptome and antioxidant activity of naturally aged mice exposed to
selenium-rich rice. Environ Sci Pollut Res. 2019;26:834-44.

4. Ostadalova |, Charvéatova Z, Wilhelm J. Lipofuscin-like pigments in the rat
heart during early postnatal development: effect of selenium
supplementation. Physiol Res. 2010,59:881-6.

5. Pachuau L, Dutta RS, Roy PK, Kalita P, Lalhlenmawia H. Physicochemical and
disintegrant properties of glutinous rice starch of Mizoram. India Int J Biol
Macromol. 2017;95:1298-304. https://doi.org/10.1016/j.ijbiomac.2016.11.029.

6. Zhu YG, Pilon-Smits EAH, Zhao FJ, Williams PN, Meharg AA. Selenium in
higher plants: understanding mechanisms for biofortification and
phytoremediation. Trends Plant Sci. 2009;14:436-42. https;//doi.org/10.1016/
jtplants.2009.06.006.

7. Deng X, Liu K, Li M, Zhang W, Zhao X, Zhao Z, et al. Difference of selenium
uptake and distribution in the plant and selenium form in the grains of rice
with foliar spray of selenite or selenate at different stages. F Crop Res. 2017;
211:165-71. https.//doi.org/10.1016/j.fcr.2017.06.008.

8. Bocchini M, D'’Amato R, Ciancaleoni S, Fontanella MC, Palmerini CA, Beone
GM, et al. Soil selenium (Se) biofortification changes the physiological,
biochemical and epigenetic responses to water stress in Zea mays L. by
inducing a higher drought tolerance. Front Plant Sci. 2018;9 March 1-14.

9. Xu GJ, Zhang MZ, Zheng C, Lei C, Yin LP, Wang SH, et al. Selenium
increases chlorogenic acid, chlorophyll and carotenoids of Lycium chinense
leaves. J Sci Food Agric. 2012,93:310-5.

10.  Zhang L, Hu B, Deng K, Gao X, Sun G, Zhang Z, et al. NRT1.1B improves
selenium concentrations in rice grains by facilitating selenomethinone
translocation. Plant Biotechnol J. 2019;17:1058-68.

11. Brozmanova J, Méanikova D, VIckové V, Chovanec M. Selenium: a double-
edged sword for defense and offence in cancer. Arch Toxicol. 2010,84:919-
38.

12.  El Mehdawi AF, Jiang Y, Guignardi ZS, Esmat A, Pilon M, Pilon-Smits EAH,
et al. Influence of sulfate supply on selenium uptake dynamics and
expression of sulfate/selenate transporters in selenium hyperaccumulator
and nonhyperaccumulator Brassicaceae. New Phytol. 2018;217:194-205.

13. Liang Y, Faroog MU, Hu Y, Tang Z, Zhang Y, Zeng R, et al. Study on stability
and antioxidant activity of red Anthocyanidin Glucoside rich hybrid Rice, its
nutritional and physicochemical characteristics. Food Sci Technol Res. 2018;
24:687-96. https://doi.org/10.3136/fstr.24.687.

14.  Faroog MU, Tang Z, Zheng T, Asghar MA. Cross-talk between cadmium and
selenium at elevated cadmium stress determines the fate of selenium
uptake in Rice. Biomolecules. 2019,9.

15. Ebrahimi N, Hartikainen H, Simojoki A, Hajiboland R, Seppanen M. Dynamics
of dry matter and selenium accumulation in oilseed rape (Brassica napus L)
in response to organic and inorganic selenium treatments. Agric Food Sci.
2015;24:104-17.

16.  Schiavon M, Pilon-Smits EAH. The fascinating facets of plant selenium
accumulation — biochemistry, physiology, evolution and ecology. New
Phytol. 2017,213:1582-96.

17. Tang W, Dang F, Evans D, Zhong H, Xiao L. Understanding reduced
inorganic mercury accumulation in rice following selenium application:
selenium application routes, speciation and doses. Chemosphere. 2017;169:
369-76. https://doi.org/10.1016/j.chemosphere.2016.11.087.


https://doi.org/10.2134/jeq2016.09.0342
https://doi.org/10.1016/j.fsi.2017.07.060
https://doi.org/10.1016/j.fsi.2017.07.060
https://doi.org/10.1016/j.ijbiomac.2016.11.029
https://doi.org/10.1016/j.tplants.2009.06.006
https://doi.org/10.1016/j.tplants.2009.06.006
https://doi.org/10.1016/j.fcr.2017.06.008
https://doi.org/10.3136/fstr.24.687
https://doi.org/10.1016/j.chemosphere.2016.11.087

Liang et al. BMC Plant Biology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.
40.

41,

(2019) 19:559

Zhao XQ, Mitani N, Yamaji N, Shen RF, Ma JF. Involvement of silicon influx
transporter OsNIP2;1 in selenite uptake in Rice. Plant Physiol. 2010;153:1871-
7. https://doi.org/10.1104/pp.110.157867.

Zhang L, Hu B, Li W, Che R, Deng K, Li H, et al. OsPT2, a phosphate
transporter, is involved in the active uptake of selenite in rice. New Phytol.
2014;201:1183-91.

Shibagaki N, Rose A, McDermott JP, Fujiwara T, Hayashi H, Yoneyama T,

et al. Selenate-resistant mutants of Arabidopsis thaliana identify Sultr1;2, a
sulfate transporter required for efficient transport of sulfate into roots. Plant
J.2002;29:475-86.

Kassis E, Cathala E, Rouached N, Fourcroy H, Berthomieu P, Terry P, et al.
Characterization of a selenate-resistant Arabidopsis mutant . Root growth as
a potential target for selenate toxicity. Plant Physiol. 2007;143 | 3 March
1231-1241.

Mustafiz A, Sahoo KK, Singla-Pareek SL, Sopory SK. Metabolic engineering of
glyoxalase pathway for enhancing stress tolerance in plants. 2010.

Zhang L, Shi X, Zhang Y, Wang J, Yang J, Ishida T, et al. CLE9 peptide-
induced stomatal closure is mediated by abscisic acid, hydrogen peroxide,
and nitric oxide in Arabidopsis thaliana. Plant Cell Environ. 2019;42:1033-44.
Lv S, Zhang Y, Li C, Liu Z, Yang N, Pan L, et al. Strigolactone-triggered
stomatal closure requires hydrogen peroxide synthesis and nitric oxide
production in an abscisic acid-independent manner. New Phytol.
2018;217:290-304.

Wang Y, Ying Y, Chen J, Wang X. Transgenic Arabidopsis overexpressing
Mn-SOD enhanced salt-tolerance. Plant Sci. 2004;167:671-7.

Tal ASM. The effect of salt stress on lipid peroxidation and antioxidants in
the leaf of the cultivated tomato and its wild salt-tolerant relative
Lycopersicon pennellii. Physiol Plant. 1998;104:169-74.

Pilon-Smits EAH, Winkel LHE, Lin Z-Q. Selenium in plants : molecular,
Physiological, Ecological and Evolutionary Aspects. 2017.

Xiao Q, Li XL, Gao GF, Chen J, Liu X, Shen ZJ, et al. Nitric oxide enhances
selenium concentration by promoting selenite uptake by rice roots. J Plant
Nutr Soil Sci. 2017;180:788-99.

Goufo P, Trindade H. Rice antioxidants: phenolic acids, flavonoids,
anthocyanins, proanthocyanidins, tocopherols, tocotrienols, y -oryzanol, and
phytic acid. Food Sci Nutr. 2014;2:75-104. https.//doi.org/10.1002/fsn3.86.
Tananuwong K, Tewaruth W. Extraction and application of antioxidants
from black glutinous rice. LWT - Food Sci Technol. 2010,43:476-81. https//
doi.org/10.1016/j.lwt.2009.09.014.

Nam SH, Choi SP, Kang MY, Koh HJ, Kozukue N, Friedman M. Antioxidative
activities of bran extracts from twenty one pigmented rice cultivars. Food
Chem. 2006;94:613-20.

Zhang Y, Butelli E, Martin C. Engineering anthocyanin biosynthesis in plants.
Curr Opin Plant Biol. 2014;19:81-90. https://doi.org/10.1016/j.pbi.2014.05.011.
Zhang Y, Butelli E, De Stefano R, Schoonbeek HJ, Magusin A, Pagliarani C,
et al. Anthocyanins double the shelf life of tomatoes by delaying
overripening and reducing susceptibility to gray mold. Curr Biol.
2013;23:1094-100.

Kong L, Wang M, Bi D. Selenium modulates the activities of antioxidant
enzymes, osmotic homeostasis and promotes the growth of sorrel
seedlings under salt stress. Plant Growth Regul. 2005;45:155-63.

Xu Z, Fang Y, Chen Y, Yang W, Ma N, Pei F, et al. Protective effects of Se-
containing protein hydrolysates from Se-enriched rice against Pb2+
—induced cytotoxicity in PC12 and RAW264.7 cells. Food Chem.
2016;202:396-403.

Tang H, Liu Y, Gong X, Zeng G, Zheng B, Wang D, et al. Effects of selenium
and silicon on enhancing antioxidative capacity in ramie (Boehmeria nivea
(L) gaud.) under cadmium stress. Environ Sci Pollut Res. 2015,;22:9999-10008.
Zhang M, Tang S, Huang X, Zhang F, Pang Y, Huang Q, et al. Selenium
uptake, dynamic changes in selenium content and its influence on
photosynthesis and chlorophyll fluorescence in rice (Oryza sativa L.). Environ
Exp Bot. 2014;107:39-45. https://doi.org/10.1016/j.envexpbot.2014.05.005.
Luo J-S, Huang J, Zeng D-L, Peng J-S, Zhang G-B, Ma H-L, et al. A defensin-
like protein drives cadmium efflux and allocation in rice. Nat Commun.
2018,9:645. https.//doi.org/10.1038/541467-018-03088-0.

White PJ. Selenium accumulation by plants. Ann Bot. 2016;117:217-35.
Supriatin S, Weng L, Comans RNJ. Selenium-rich dissolved organic matter
determines selenium uptake in wheat grown on low-selenium arable land
soils. Plant Soil. 2016;408:73-94. https://doi.org/10.1007/511104-016-2900-7.
Mostofa MG, Hossain MA, Siddiqui MN, Fujita M, Tran LSP. Phenotypical,
physiological and biochemical analyses provide insight into selenium-

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 11 of 11

induced phytotoxicity in rice plants. Chemosphere. 2017;178:212-23. https//
doi.org/10.1016/j.chemosphere.2017.03.046.

Guerrero B, Llugany M, Palacios O, Valiente M. Dual effects of different
selenium species on wheat. Plant Physiol Biochem. 2014;83:300-7. https.//
doi.org/10.1016/j.plaphy.2014.08.009.

Ma X, Zhang J, Burgess P, Rossi S, Huang B. Interactive effects of melatonin
and cytokinin on alleviating drought-induced leaf senescence in creeping
bentgrass (Agrostis stolonifera). Environ Exp Bot. June 2017;2018(145):1-11.
https://doi.org/10.1016/j.envexpbot.2017.10.010.

Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in
Beta vulgaris. Plant Physiol. 1949;24:1-15.

Li Z, Zhang Y, Zhang X, Merewitz E, Peng Y, Ma X, et al. Metabolic pathways
regulated by chitosan contributing to drought resistance in White clover. J
Proteome Res. 2017;16:3039-52.

Lee Y, Yoon TH, Lee J, Jeon SY, Lee JH, Lee MK; et al. A Lignin Molecular
Brace Controls Precision Processing of Cell Walls Critical for Surface Integrity
in Arabidopsis. Cell. 2018;173:1-13. https://doi.org/10.1016/j.cell.2018.03.060.
Liang Y, Farooq MU, Zeng R, Tang Z, Zhang Y, Zheng T, et al. Breeding of
Selenium Rich Red Glutinous Rice , Protein Extraction and Analysis of the
Distribution of Selenium in Grain. Int J Agric Biol. 2018;20:1005-11.

Farooq MU, Tang Z, Zeng R, Liang Y, Zhang Y, Zheng T, et al. Accumulation,
mobilization, and transformation of selenium in rice grain provided with
foliar sodium selenite. J Sci Food Agric. 2019;99:2892-900.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods. 2001;25:402-8.
Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative
CT method. Nat Protoc. 2008;3:1101-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1104/pp.110.157867
https://doi.org/10.1002/fsn3.86
https://doi.org/10.1016/j.lwt.2009.09.014
https://doi.org/10.1016/j.lwt.2009.09.014
https://doi.org/10.1016/j.pbi.2014.05.011
https://doi.org/10.1016/j.envexpbot.2014.05.005
https://doi.org/10.1038/s41467-018-03088-0
https://doi.org/10.1007/s11104-016-2900-7
https://doi.org/10.1016/j.chemosphere.2017.03.046
https://doi.org/10.1016/j.chemosphere.2017.03.046
https://doi.org/10.1016/j.plaphy.2014.08.009
https://doi.org/10.1016/j.plaphy.2014.08.009
https://doi.org/10.1016/j.envexpbot.2017.10.010
https://doi.org/10.1016/j.cell.2018.03.060

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	The Se-rich rich is more sensitive to the application of �Se than the Se-free rice variety
	The effects of exogenous Se on the aboveground architectures of rice seedlings
	The production of reactive oxygen species in response �to Se
	The gene expression patterns of Se uptake- and transport-related factors in the application of exogenous Se

	Discussion
	Conclusions
	Methods
	Plant materials, growth conditions and treatments healthy
	Measurement water status of leaves
	Measurement of physiological parameters
	Histochemical analysis of reactive oxygen species
	Measurements of se and anthocyanin content
	Relative genes expressionanalysis
	Statistical analysis
	Abbreviations

	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

