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Abstract: Mineral nutrient malnutrition, especially deficiency in selenium (Se),
affects the health of approximately 1 billion people worldwide. Wheat, a staple
food crop, plays an important role in producing Se-enriched foodstuffs to increase
the Se intake of humans. This study aimed to evaluate the effects of different Se
application methods on grain yield and nutritional quality, grain Se absorption and
accumulation, as well as 14 other trace elements concentrations in wheat grains.
A sand culture experiment was conducted via a completely randomized 3 x 2 x 1
factorial scheme (three Se levels x two methods of Se application, foliar or soil x
one Se sources, selenite), with two wheat cultivars (Guizi No.1, Chinese Spring).
The results showed that both foliar Se and soil Se application methods had effects
on wheat pollination. Foliar Se application resulted in early flowering of wheat,
while soil Se application caused early flowering of wheat at low Se levels
(5 mg kg ") and delayed wheat flowering at high selenium levels (10 mg kg ),
respectively. For trace elements, human essential trace elements (Fe, Zn, Mn, Cu,
Cr, Mo, Co and Ni) concentrations in wheat grains were dependent of Se applica-
tion methods and wheat cultivars. However, toxic trace elements (Cd, Pb, Hg, As,
Li and Al) concentrations can be decreased by both methods, indicating a possible
antagonistic effect. Moreover, both methods increased Se concentrations, and
improved grain yield and nutritional quality, while the foliar application was bet-
ter than soil. Accordingly, this study provided useful information concerning
nutritional biofortification of wheat, indicating that it is feasible to apply Se to
conduct Se biofortification, inhibit the heavy metal elements concentrations and
improve yield and quality in crops, which caused human health benefits.
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1 Introduction

Selenium (Se) is recognized as one of the most important trace elements required by humans, and the
recommended dietary allowance of Se for adults has been set at 50 pg day '-200 ug day ' by the World
Health Organization (WHO) [1]. It has been considered as an essential component of more than
30 mammalian selenoenzymes or selenoproteins [2]. Se deficiency in human organism is related to a
series of serious health disorders, which are caused by free radicals. Conversely, moderate Se intake in
human diet confers various health benefits, including improving immunity, delaying senescence and
reducing the incidence of heart disease [3]. Nowadays, it is estimated that approximately 500-1000
million people worldwide have Se deficient [4]. Thus, there is an eagerly need to take effective measures
to solve this problem.

Plants are the major source of Se in human diets [5]. Se enters the food chain through the plants which
take it up from soil. However, these food plants inherent (e.g., wheat and rice) in the human diets are
generally insufficient to meet human Se nutritional requirements. These foods with inherently low Se
concentrations could be attributed to low bioavailability of Se in most soils [6]. For instance, about 72%
of the land in China is Se deficient, 30% of which is severely Se deficient, and Se intake by a Chinese
adult (26 pg day '-32 pg day ') is much less than the recommended dietary allowance by WHO [7].
Therefore, Se-enriched plant foodstuffs were proposed as an effective and sustainable way to improve Se
dietary intake. It is very important to find effective strategies to increase Se concentrations in the edible
parts of plants.

Many studies have shown that Se concentrations in food crops could be improved with the introduction
of Se fertilization in quite a few Se-deficient regions, which enables increased Se consumption by the
population [8,9]. There are mainly two ways to carry out Se-biofortification: soil application and foliar
application. In the soil, Se exists as elemental Se (Se”), selenide (Se*), selenite (SeO5>) and selenate
(Se0,%"). Among them, SeO;> and SeO4> are predominant inorganic Se forms available, which are
soluble in the soil or sprayed on the leaves and transported to plants. Accordingly, studies on Se-
biofortification mainly used Se0;%” and SeO,> as Se resource. Furthermore, adequate results also
suggested that SeO,>  was more effective than SeO;° in improving crops Se contents [10—12].
Nowadays, the major research task is to determine the most efficient approach for improving Se
concentrations in food plants. Another important consideration is whether there is an “inhibitory effect”
on other nutrients with Se application levels increased. Previous results have shown cereals grown on soil
with high concentrations of calcium ion were low in Fe contents [13]. Mendoza et al. [14] also reported
that interaction between Zn, Fe and Ca can inhibit their respective absorption by plants. Although the
content of trace elements in the human body is extremely small in quantity, they are importantly required
for the human nutrition and their deficiency may lead to “hidden hungry” [15]. These trace elements
work with other nutrients (e.g., amino acid) and secondary metabolites (e.g., total phenols), etc. to
together maintain human health. In order to maximize the amount of Se in crop products and the qualities
of crops, it is imperative to consider “inhibitory effect”, yet there is a little information in the literature
on this topic.

Wheat (Triticum aestivum L.), a staple food crop, plays an important role in producing Se-enriched
foodstuffs to increase the Se intake of humans. In China, nearly 50% of Se in diet is derived from wheat
[16]. In the world, with an annual harvest of more than 600 million tons produced in over 40 countries
for more than 35% of the global population, wheat makes up 29%-30% of the worlds total cereal
production [17]. Modern wheat cultivars are divided into two species according to their origin: hexaploid
bread wheat (Triticum aestivum, 2n = 42, AABBDD), and tetraploid, hard or durum-type wheat (Triticum
turgidum, 2n = 28, AABB) [18]. Currently, approximately 95% of the wheat grown worldwide is
hexaploid bread wheat [19]. Thus, increasing the Se concentrations of wheat via applying exogenous Se
may be beneficial to meet human dietary requirements. Considering the importance of wheat and Se to
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human nutrition and health, this study aimed to evaluate the effects of different Se application methods on
hexaploid bread wheat grain yield and nutritional quality, grain Se absorption and accumulation, as well as
the concentrations of 8 human essential trace elements (Fe, Zn, Mn, Cu, Cr, Mo, Co and Ni) and 6 toxic trace
elements (Cd, Pb, Hg, As, Li and Al) in wheat grains.

2 Materials and Methods

2.1 Experimental Design and Wheat Cultivation

A sand culture experiment was conducted in 2017 in an experimental farm where has never applied
fertilized with Se before at the Chengdu University (30°64N, 104°19'E at 512 m altitude), Sichuan
Province, China. The experimental area experienced a temperate subtropical monsoon humid climate with
an annual mean temperature of 16.2°C and annual rainfall of 881.9 mm. The soil (pH, 8.43) at the
experimental site was sandy clay loam with 10.21 g kg™ ' of organic matter, 120.12 mg kg ' available
nitrogen, 15.70 mg kg™ ' available nitrogen phosphorus, 123.00 mg kg ' available potassium, 0.06% of
total nitrogen and 0.19 mg kg ' of total soil Se. In the present study, we selected the characteristic wheat
Guizi No.l (96.1% germination rate) with high anthocyanin content and Chinese Spring (95.9%
germination rate) with completed wheat genome sequencing, which are widely used in the study of wheat
genetics and breeding improvement. They were provided by the Institute of Triticeae Crops, Guizhou
University (Guiyang, China).

The experiment included two forms of Se application (foliar application and soil application) and a Se
source (selenate as Na,SeO,, Analytical reagent). In the foliar Se application, the selenate fertilizer was
applied using Na,SeO, solution of 11.5 mg L' and 23 mg L', respectively. In the soil Se application,
the selenate fertilizer was applied at a concentration of 5 mg kg ' and 10 mg kg '. The foliar and soil Se
application each had a control (no Se application), making a total of six treatments with five replications.

Wheat seeds were surface sterilized with 3.6% sodium hypochlorite for 10 min to avoid fungal
contamination and then rinsed with deionized water. Seeds were germinated in a growth chamber
under day/night temperature of 25/20°C, 16-h photoperiod, with 60%-70% relative humidity and
300 pmolm s~ of irradiance. The 1/2 strength Hoagland solution was added every 3 days. The 15-day-
old seedlings were evenly sown in tanks which were 1 m apart to avoid contamination. Each of the tanks
was 5 m long and 2 m wide. The Na,SeO4 was applied once at heading stage in each treatment. The
applying was performed between 8 am and 10 am on a dry, sunny day. In the foliar Se application, a
compression sprayer of 10 L capacity was used to ensure even distribution of Na,SeO,4 on leaves. In the
soil Se application, Na,SeO,4 was dissolved and poured into the sand culture. The wheat flower was just
exposed, which was considered to have been initial time of wheat pollination. The number of flowering
wheat plants was recorded daily until the end of all wheat plants flowering. Plants were harvested at the
end of the cycle, oven dried at 60°C for 72 h, and then kept saved for analysis.

2.2 Investigation of the Yield-Related Traits and Nutrient Content in Wheat

For yield-related traits analyses, ten plants from each tank were selected randomly to investigate the
spike length, grains per spike and grains weight per spike. The 1000-grain weight, grain length and grain
width were measured by Seed Analyzer (YTS-5DS, Gufeng Optoelectronics Technology, Inc., China).

Se concentrations in grains were determined according to a method described by Djanaguiraman [20].
0.2 g subsamples of dried grains were well ground via Tissue Grinder (TL2020, Dingshengyuan Technology,
Inc., China), transferred to a digestion tube (HNO3:HCIO,4 = 4:1) and kept overnight at room temperature
(25°C). Acid digestion was subsequently conducted at 165°C in an automatic temperature-controlled
furnace until the digestion solution became clear. After cooling, 2.5 mL of 6 M HCI was added into the
tubes and heated at 100°C for 30 min. Then the contents were cooled and filtered and made up to 10 ml.
The Se concentrations in the solution were determined with the Atomic absorption spectrometer
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(ICE 3500, Thermo Fisher Scientific Instruments, Inc., USA). Essential trace elements (Fe, Zn, Mn, Cu, Cr,
Mo, Co and Ni) and toxic trace elements (Cd, Pb, Hg, As, Li and Al) concentrations were analyzed according
to Londonio [21]. Briefly, 0.5 g subsamples of grains were weighed into PTFE high-efficiency digestion tank,
to which 5 mL HNO; was added. After standing overnight at room temperature, the samples were on an
electrothermal plate at 80°C for 30 min until the bubbles in the digestion tank were completely released.
After cooling, the acid mixture was heated at 140°C for 3 h. Next, the acid mixture was cooled again and
heated at 80°C for 30 min until yellow gas (NO,) disappeared. Standard reference material GBW07605
(tea) was used for quality control of the digestion procedure and the analysis process. The concentrations
of essential and toxic trace elements were analyzed by ICP-MS (NexION300, Perkinelmer, Inc., USA).

For secondary metabolites, phosphorus and nitrogen nutrients analyzed, grinded dry grains (50 mg)
were weighed and microwave ultrasonic with 1.6 ml of 50% methanol at 65°C for 30 min and then the
mixture was centrifuged at 10000 r for 10 min to get supernatant which was used to determine total
flavonoids and total phenols contents by absorbance at 765 nm [22] and 510 nm [23], respectively. The
above substrate was removed water by vacuum concentrator (ZLS-1, Here xi, Inc., China), and then
1.5 ml of 0.5 mol L' HCI was added. The mixture was shaken with a shaker for 30 min and centrifuged
at 10000 r for 10 min to obtain supernatant which was used to determine phytic acid and inorganic
phosphorus contents by absorbance at 500 nm [23] and 825 nm [24], respectively. Another 30 mg
subsamples were well ground and shaken with 1.5 ml of 0.1 mol L' NaOH at 75°C for 1 h and then the
mixture was centrifuged at 10000 r for 15 min to determine amino acid and soluble protein contents by
absorbance at 405 nm [24] and 595 nm [25], respectively.

2.3 Statistical Analysis

Analysis of Variance (ANOVA), Spearman rank correlation and variances were calculated by using
JMP® ver. 6.0 software (SAS Institute). Means were tested by Tukey-Kramer’s honestly significant
difference at the p < 0.05 level (HSD 0.05). SigmaPlot®™ ver. 12.0 software was used to draw histograms
and line graphs, and images editing with Photoshop CS4.

3 Results and Discussion

The numbers of wheat flowers per day and Se concentrations in grains were significantly affected by the
application methods and levels of Se, as well as by the interaction between these factors (Fig. 1). Foliar
application of Se caused early flowering of wheat as compared to control (Fig. 1a). However, when the
Se was applied to the soil, 5 and 10 mg kg ' Se leaded to early wheat flowering and delayed wheat
flowering, respectively, (Fig. 1b). The results indicated that Se played a role in pollination of wheat,
which further confirmed Elizabeth A.H.’s conjecture that Se may influence plant pollination [26].

Both foliar Se and soil Se application methods significantly increased Se concentrations in grains of
Guizi No.l and Chinese Spring, and Se concentrations increased with Se application levels increased
(Figs. 1c and le). The results of the present study are in line with the finding of Zhou et al. [27] in
Lentinula edodes and Zhu et al. [7] in Codonopsis lanceolata. Nevertheless, Se concentrations in grains
of two cultivars were always higher in the foliage treatments than in the corresponding soil treatments.
This is probably because xylem transport is more difficult than phloem transport [28]. When Se is applied
to foliage, Se is transported through the phloem. Contrarily, when Se is applied to soil, Se is translocated
to shoots through the xylem. In addition, we also found foliar Se application caused a greater Se
absorption in grains compared with soil Se application. The results of this study clearly showed that foliar
Se application method is more effective in wheat biofortification with Se than soil.

It is worthy to note that the crops without Se application (control treatment) grow in soils with low
natural Se concentrations (0.19 mg kg™'), which was not enough to promote wheat biofortification with
this element. According to the data of our study and to other researches resulting low Se and elsewhere
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Figure 1: Effects of different Se application methods on number of wheat flowering plants per day (a, b), Se
concentrations in grains (c, €) and grains phenotype (d). Error bars indicate + SD. Different letters, comparing
Se application levels within each application method are significantly different (p < 0.05). Asterisks (*),
comparing Se application methods within each Se application level, differ between each other (p < 0.05)

[29,30], it could be inferred that to improve the Se concentrations of crops in Se-poor soils, it is imperative to
apply Se in the fertilization programmes.

Due to the fact that wheat is the major staple food crop in many countries of the world, and that Se
deficiency causes about one billion people worldwide, this crop has enormous potential to increase the Se
consumption in the world’s population. According to FAO [31], the average wheat flour consumption per
person in the world is 200 g day ', and the recommended dietary allowance of Se for adults has been set
at 50 pg day '-200 pg day ', with a maximum tolerable level of 400 pg day ' [32]. Considering the data
of this study, we estimated that the Se concentrations in wheat grains could contribute to the dietary Se
intake with 442.72 pg day '-1703.50 pg day ' via foliar application, and 271.58 pg day '-485.10 pg
day ' via soil application. Therefore, further researches should be conducted to assess wheat Se
biofortification in order to adjust the Se application dosage to ensure food security and better improve the
utilization of exogenous Se.

Six yield-related traits (spike length, grains per spike, grains weight per spike, 1000-grain weight, grain
length and grain width) of Guizi No.1 and Chinese Spring exhibited similar changes in response to foliar Se
and soil Se application (Tab. 1). Among the two Se application methods, results showed that Se leaded to a
significant increase first and then decrease in yield-related traits with Se application levels increased. This can
be related to the beneficial effects of Se at low doses. This researches are consistent with those found by
Amato et al. [33] for Godina et al. [34] for tomato, which showed increased production at low Se
concentrations. Furthermore, previous studies have shown beneficial effects of Se, because it increases the
antioxidant activity in plants, leading to better plant yield [35]. The positive effects of foliar Se
application on increasing yield was greater than that of soil Se at low Se levels (11.5 mg L™" and 5 mg
kg "), while the negative effects of foliar Se application on yield was more pronounced than that of
soil at high Se levels (23 mg L' and 10 mg kg '). Accordingly, six negative correlations between
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Table 1: Effects of different Se application methods on yield-related traits. Data are presented as mean + SD
(n = 10). Values followed by different letters within a column are significantly different (p < 0.05) among
different Se application levels under the same Se application method

Methods Genotypes Treatments Spike Grains per Grains 1000- Grain Grain
length spike weight grain length  width
(cm) per spike (g) weight (g) (mm) (mm)
Foliar  Guizi 0 15.62+ 52.78 + 246 £ 46.61 + 699+ 348+
No.1 3.44ab 10.56a 0.37b 8.86b 1.05b 0.52b
11.5 1597+ 5343+ 2.69 £ 5035+ 746+ 374+
3.35a 8.01a 0.54a 10.57a 0.90a 0.79a
23.0 14.65+  52.09 + 235+ 4511+ 659+ 3.05+
2.64b 8.86a 0.31b 7.22b 1.05¢ 0.30c
Chinese 0 8.77 £ 49.02 + 1.42 + 2897+ 471+ 247+
Spring 1.67a 6.3726a 0.14a 5.50a 0.71a 0.47a
11.5 9.18 + 49.56 + 1.52 + 30,67+ 493+ 254+
1.74a 8.92a 0.30b 6.44ab 1.03a 0.54a
23.0 7.38 + 49.08 + 1.35+ 2751+ 440+ 226+
1.48b 8.83a 0.24b 4.95b 0.66b 0.48b
Soil Guizi 0 15.62+ 5278 & 246 £ 46.61+ 699+ 348+
No.1 3.44a 10.56a 0.37ab 8.86a 1.05b 0.52a
5 1571+ 53.01 + 257+ 4848+ 734+ 3.67+
2.989a 9.01a 0.49a 9.21a 0.73a 0.81a
10 14.68 £  52.07 & 243 + 46.67+ 659+ 3.06 =+
2.79a 7.81a 0.24b 7.47a 1.05¢ 0.51b
Chinese 0 8.77 £ 49.02 + 142 + 2897+ 471+ 247+
Spring 1.67a 6.37a 0.14ab 5.50a 0.71a 0.47a
5 9.02 + 49.52 + 148 £ 2989+ 490+ 251+
1.98a 5.94a 0.13a 6.58a 1.03a 0.55a
10 8.57 + 49.09 + 1.44 + 2852+ 459+ 236+
1.117a 5.40a 0.32b 6.56a 1.06a 0.07a

yield-related traits and foliar Se application methods, and three negative correlations between soil Se
application methods were found, but not significant (Tab. 2). The results suggested that both Se
application methods had stimulatory effects on wheat yield improvement, whereas wheat yield was more
sensitive to foliar Se application.

Trace metal elements are widely presented in living tissue [36]. Some of them which participate in
metabolic processes of enzymes, hormone vitamins and nucleic acids play vital roles in the body health
[37]. Fig. 2 showed different Se application methods promoted different behaviors in terms of human
essential trace elements concentrations (Fe, Zn, Mn, Cu, Cr, Mo, Co and Ni) in grains of Guizi No.l and
Chinese Spring. Foliar application of Se resulted in an increase in Fe, Mn and Mo concentrations, a
decrease in Cr, Zn and Cu concentrations, and an increase and then decrease in Co and Ni concentrations
in grains of two cultivars as the Se application levels increased from 0 to 23 mg L™ (Figs. 2a and 2b).
Similar results were obtained in rice [38] and soybean [39] plants fertilized with Se. In the soil Se
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Table 2: Spearman rank correlation coefficients among different Se application methods related to essential
trace elements, toxic trace elements, multi-component nutrients and yield-related traits. Asterisks (*) indicate
significantly different (p < 0.05). n = two Se application methods X three Se application levels x two wheat
cultivars x number of indicators

Se Variable Essential trace Toxic trace elements Multi-component nutrients Yield-related traits
application elements
methods
n=96 Spearmanp n =72 Spearmanp n=72 Spearman p n =72 Spearman p
Foliar Se Cr —0.73* Li —0.83* Amino acid 0.54* Spike length —-0.08
Mn 0.25% Al —0.55% Soluble 0.39% Grains per spike —0.07
protein
Fe 0.57* As —0.59* Total 0.17 Grains weight  —0.06
flavonoids per spike
Co -0.19 Cd —0.69* Total phenols 0.17 1000-grain —-0.02
weight
Ni -0.24 Hg —0.66* Phytic acid -0.35 Grain length —-0.05
Cu —0.69* Pb -0.29 Inorganic -0.27 Grain width —-0.20
phosphorus
Zn —0.10*
Mo 0.78%
Soil Se Cr -0.67* Li —0.89* Amino acid 0.26 Spike length —-0.03
Mn 0.37* Al —0.65* Soluble 0.12 Grains per spike 0.16
protein
Fe 0.54* As —0.56* Total 0.21 Grains weight  0.01
flavonoids per spike
Co -0.21 Cd —0.58* Total phenols  0.31 1000-grain 0.04
weight
Ni -0.26 Hg -0.15 Phytic acid —0.68* Grain length —0.06
Cu —0.89* Pb -0.28 Inorganic -0.71* Grain width —-0.10
phosphorus
Zn —0.60*
Mo 0.80*

application methods, the concentrations of 8 human essential trace elements mentioned above in grains
showed similar trends to foliar treatments (Figs. 2c and 2d). Moreover, Spearman rank correlation
analysis also showed that foliar Se application were significantly positively correlated (p < 0.05) with
Fe, Mn and Mo concentrations, and soil Se application were significantly positively correlated (p <
0.05) with Cr, Zn and Cu concentrations (Tab. 2). However, soil Se application provided higher Fe,
Mn, Co and Ni concentrations in grains of Guizi No.1, and higher Fe, Mn, Co and Mo concentrations
in grains of Chinese Spring, respectively, compared to foliar Se application. Moreover, significant
difference was found between foliar Se and soil Se application in terms of Mn, Cu and Zn
concentrations in grains of Guizi No.l, and Mn, Cu and Mo concentrations in grains of Chinese
Spring, respectively. The results indicated that trace elements contents in grains were dependent of Se
application methods and wheat cultivars.

There are some interactions involving the responses of crops exposed to different concentrations of Se
on trace elements levels, like antagonistic or synergistic effects [40]. In this study, we found that both foliar
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Figure 2: Effects of different Se application methods on essential trace elements concentrations in grains of
two wheat cultivars. Values are means (n = 5). Different letters, comparing Se application levels within each
application method are significantly different (p < 0.05). Asterisks (*), comparing Se application methods
within each Se application level, differ between each other (p < 0.05)

Se and soil Se application generally significantly decreased toxic trace elements (Cd, Pb, Hg, As, Li and Al)
concentrations in grains of two wheat cultivars (Fig. 3.), indicating a possible antagonistic effect. Foliar Se
and soil Se application methods had significant differences in Hg and Pb concentrations in grains of Chinese
Spring, while the two Se application methods only had significant differences in Pb concentrations in grains
of Guizi No.1. Finding of present study corroborated the observation that Se interferes in the uptake of ions.
The effect of Se on the absorption of toxic trace elements in wheat depends not only on the content and
method of Se application, but also on the cultivar of wheat. Although some of them are also beneficial
for human functional metabolism at low doses, excessive retention of any of toxic trace elements in the
environment imposes threats to human health [41]. For example, Cd, Pb and Hg are endocrine-disrupting
chemicals [42]. Zhou et al. [43] and Hu et al. [44] reported that Se application reduced Hg accumulation
and Pb uptake in rice, respectively. Therefore, based on our research data and previous results, inhibiting
the heavy metal elements concentrations in agricultural crops to reduce their harm to the human body, Se
for fertilization programmes is feasible.
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Figure 3: Effects of different Se application methods on toxic trace elements concentrations in grains of two
wheat cultivars. Values are means (n = 5). Different letters, comparing Se application levels within each
application method are significantly different (p < 0.05). Asterisks (*), comparing Se application methods
within each Se application level, differ between each other (p < 0.05)

Nitrogen nutrients (amino acids and soluble proteins) are beneficial nutrients for human health, and also
one of the important indicators for evaluating the nutritional quality of wheat. Nevertheless, once taken up by
plant, Se follows the same sulfate assimilation pathway due to the chemical similarity between Se and sulfur
(S), and incorporated into amino acid in the form of Selenomethionine (Se-Met) or Selenocysteine (Se-Cys)
[45]. Tapiero [46] reported that Se was present as Se-Cys in proteins, Se-Cys in place of Cys participated in
the synthesis of protein, which caused modification of the protein structure, consequently leading to Se
toxicity. Foliar Se increased amino acids and soluble proteins concentrations in grains of two wheat
cultivars as the Se application levels increased from 0 mg L' to 11.5 mg L', while decreased in all
grains as the Se application levels increased from 11.5 mg L™ to 23 mg L' (Figs. 4a and 4b), indicating
more Se-Cys and Se-Met participated in the synthesis of protein as Se application levels increased. The
different behavior was observed for the nitrogen nutrients concentrations when Se was applied to the soil
(Figs. 4c and 4d). Namely, amino acid and soluble protein concentrations increased concomitantly with
an increase in Se application rates, moreover, significant differences between the application methods
were observed for the amino acid and soluble protein (Fig. 4). Correlation analysis showed that amino
acid (r = 0.54) and soluble protein (r = 0.39) were only found to be significantly positively correlated
with foliar Se application methods (Tab. 2). These results are similar to those observed by Shalaby et al.
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Figure 4: Effects of different Se application methods on secondary metabolites, phosphorus and nitrogen
nutrients concentrations in grains of two wheat cultivars. Values are means (n = 5). Different letters,
comparing Se application levels within each application method are significantly different (p < 0.05).
Asterisks (*), comparing Se application methods within each Se application level, differ between each
other (p < 0.05)

[35], who applied Se to leaves and soil of lettuce and also observed greater mobility in the phloem when
using foliar Se application methods, which improved the nutritional quality in this culture.

A continuous decrease in phosphorus nutrients (phytic acid and inorganic phosphorus) concentrations
was verified when 0 to 23 mg L™ or to 10 mg kg ' of Se was applied to leaves or soil (Fig. 4). The
results are consistent with Hopper’s [47] findings that Se has a competitive inhibitory effect on
phosphorus absorption, which affects the phosphorus concentrations in plants. Furthermore, in this study,
soil Se application methods resulted in a more reduction of phosphorus nutrients concentrations of two
wheat cultivars as compared to foliar treatments of equal strength, and significant differences between the
application methods were observed for inorganic phosphorus. Correlation analysis showed that soil Se
application methods were only found to be significantly positively correlated with phytic acid (r = —0.68)
and inorganic phosphorus (r = —0.71) (Tab. 2). It should be considered that Se undergoes specific
adsorption onto Al and As oxides in the soil, reducing its absorption by plants, as shown in Fig. 3.
Accordingly, there would be more competition with phosphate in the absorption process.

Total flavonoids and total phenols have antioxidant properties and senescence-resistance. Regardless of
applying different levels of foliar Se or soil Se, Fig. 4 showed that secondary metabolites (total flavonoids
and total phenols) concentrations in all grains increased compared to control, which is consistent with the
reports of Maria et al. [48] in tomato and Thiruvengadam et al. [49] in turnip. Therefore, our results
indicated that Se application can enhance the health benefits of wheat by improving the concentrations of
secondary metabolites.
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4 Conclusions

The application of Se, both foliar and soil, had effects on pollination of wheat. Foliar Se application
caused early flowering of wheat as compared to control. However, when the Se was applied to the soil, 5
and 10 mg kg ' Se leaded to early wheat flowering and delayed wheat flowering, respectively. Human
essential trace elements (Fe, Zn, Mn, Cu, Cr, Mo, Co and Ni) concentrations in wheat grains were
dependent of Se application methods and wheat cultivars. However, two Se application methods
generally significantly decreased toxic trace elements (Cd, Pb, Hg, As, Li and Al) concentrations in
grains, indicating a possible antagonistic effect. Both foliar Se and soil Se application increased grain
yield, Se, amino acids, soluble proteins, total flavonoids and total phenols concentrations, and foliar
application was the more effective procedure. Our results indicated that it is possible to promote Se-
biofortification and its nutritional quality in wheat, both via foliar and soil application. And the foliar
application was better than soil.

Funding Statement: This research was supported by the National Science Foundation of China (31560578,
Cheng JP, http://www.nsfc.gov.cn), the cultivation Project of Sichuan Science and Technology Innovation
Seedling Program (2019101, Liang Y, http://mzgc.tccxfw.com), Sichuan International Science and
Technology Cooperation and Exchange Research and Development Project (2018HH0116, Yan J, http://
kjt.sc.gov.cn), and Sichuan University Student Innovation and Entrepreneurship Training Program
(201811079090, Liang Y; S201911079103X, Luo J; 201911079016, Liu D, http://edu.sc.gov.cn).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References
1. Bobcek, B., Mrazova, J., Mlynek, J., Bucko, O., Imrich, I. (2011). The pork meat enriched with organic selenium
and its effect on selenium concentration and total antioxidant status in healthy volunteers. Biotechnology in Animal
Husbandry, 27(3), 791-798. DOI 10.2298/BAH1103791B.

2. Qin, F., Sougat, M. L., Sandeep, P. (2020). Selenium and selenoproteins in prostanoid metabolism and immunity.
Critical Reviews in Biochemistry and Molecular Biology, 54(6), 484—516. DOI 10.1080/10409238.2020.1717430.

3. Cao, C. (2017). Inflammatory response occurs in veins of broiler chickens treated with a selenium deficiency diet.
Biological Trace Element Research, 183, 1-9.

4. Winther, K. H., Margaret, P. R., Steen, J. B., Laszlo, H. (2020). Selenium in thyroid disorders-essential knowledge
for clinicians. Nature Reviews Endocrinology, 16(2), 1-16. DOI 10.1038/s41574-019-0311-6.

5. Zhang, D., Zhang, N., Hou, Z., Lou, D., Ye, J. (2018). Effects of different application methods of selenite and
selenate on selenium distribution within wheat. Journal of Plant Nutrition, 41(20), 2729-2740. DOI 10.1080/
01904167.2018.1544254.

6. Peng, Q., Wang, M., Cui, Z., Huang, J., Chen, C. et al. (2017). Assessment of bioavailability of selenium in
different plant-soil systems by diffusive gradients in thin-films (dgt). Environmental Pollution, 225(2017), 637—
643. DOI 10.1016/j.envpol.2017.03.036.

7. Zhu, L., Wang, P., Zhang, W., Hui, F., Chen, X. (2017). Effects of selenium application on nutrient uptake and
nutritional quality of, codonopsis lanceolata. Scientia Horticulturae, 225, 574-580. DOI 10.1016/].
scienta.2017.06.064.

8. Dunja, M., Jadwiga, T., Piotr, P., Milena, P., Viktor, N. et al. (2019). Selenium enriched Coriolus versicolor
mushroom biomass: potential novel food supplement with improved selenium bioavailability. Journal of the
Science of Food and Agriculture, 16(4), 1003—-1013.

9. Ismail, C., Massimo, M., Pieter, V. A., Katja, H. T., Holwerda, M. A. et al. (2020). Fate and bioaccessibility of
iodine in food prepared from agronomically biofortified wheat and rice and impact of cofertilization with zinc
and selenium. Journal of Agricultural and Food Chemistry, 2(16), 318-335.


http://www.nsfc.gov.cn
http://mzgc.tccxfw.com
http://kjt.sc.gov.cn
http://kjt.sc.gov.cn
http://edu.sc.gov.cn
http://dx.doi.org/10.2298/BAH1103791B
http://dx.doi.org/10.1080/10409238.2020.1717430
http://dx.doi.org/10.1038/s41574-019-0311-6
http://dx.doi.org/10.1080/01904167.2018.1544254
http://dx.doi.org/10.1080/01904167.2018.1544254
http://dx.doi.org/10.1016/j.envpol.2017.03.036
http://dx.doi.org/10.1016/j.scienta.2017.06.064
http://dx.doi.org/10.1016/j.scienta.2017.06.064

434 Phyton, 2020, vol.89, no.2

10. Keskinen, R., Yli-Halla, M., Hartikainen, H. (2013). Retention and uptake by plants of added selenium in peat soils.
Communications in Soil Science and Plant Analysis, 44(22), 3465-3482. DOI 10.1080/00103624.2013.847955.

11. Lidon, F. C., Oliveira, K., Ribeiro, M. M., Pelica, J., Pataco, 1. et al. (2018). Selenium biofortification of rice grains
and implications on macronutrients quality. Journal of Cereal Science, 81, 22-29. DOI 10.1016/].jcs.2018.03.010.

12. Wang, Q., Yu, Y., Li, J., Wan, Y., Huang, Q. et al. (2017). Effects of different forms of selenium fertilizers on se
accumulation, distribution, and residual effect in winter wheat-summer maize rotation system. Journal of
Agricultural and Food Chemistry, 65(6), 1116—1123. DOI 10.1021/acs.jafc.6b05149.

13. Hakeem, K. R., Akhtar, J., Sabir, M. (2016). Soil science: agricultural and environmental prospectivesil ron
biofortification of cereals grown under calcareous soils: problems and solutions. Springer International Publishing.

14. Mendoza, C., Peerson, J. M. (2004). Effect of a micronutrient fortificant mixture and 2 amounts of calcium on iron
and zinc absorption from a processed food supplement. American Journal of Clinical Nutrition, 79(2), 244-251.
DOI 10.1093/ajcn/79.2.244.

15. Samoraj, M. (2018). Biofortification of food with trace elements. Recent Advances in Trace Elements. John Wiley
& Sons, Ltd.

16. Ali, F., Peng, Q., Wang, D., Cui, Z., Huang, J. et al. (2017). Effects of selenite and selenate application on
distribution and transformation of selenium fractions in soil and its bioavailability for wheat (triticum aestivum
L.). Environmental Science & Pollution Research International, 24(9), 1-11. DOI 10.1007/s11356-015-5582-4.

17. Shewry, P. R. (2009). Wheat: science and trade. World Agriculture Series, 50, 414-410.

18. Mcfadden, E. S., Sears, E. R. (1946). The origin of triticum spelta and its free-threshing hexaploid relatives.
Journal of Heredity, 37(4), 81-107. DOI 10.1093/oxfordjournals.jhered.a105590.

19. Peng, J. H., Sun, D., Nevo, E. (2011). Domestication evolution, genetics and genomics in wheat. Molecular
Breeding, 28(3), 281-301. DOI 10.1007/s11032-011-9608-4.

20. Djanaguiraman, M., Prasad, P. V. V., Seppanen, M. (2010). Selenium protects sorghum leaves from oxidative
damage under high temperature stress by enhancing antioxidant defense system. Plant Physiology and
Biochemistry, 48(12), 999-1007. DOI 10.1016/j.plaphy.2010.09.009.

21. Londonio, A., Morzan, E., Smichowski, P. (2019). Determination of toxic and potentially toxic elements in rice
and rice-based products by inductively coupled plasma-mass spectrometry. Food Chemistry, 284, 149—154.

22. Jia, Z.S., Tang, M. C., Wu, J. M. (1999). The determination of flavonoid contents in mulberry and their scavenging
effects on superoxide radicals. Food Chemistry, 64(4), 555-559. DOI 10.1016/S0308-8146(98)00102-2.

23. Ainsworth, E. A., Gillespie, K. M. (2007). Estimation of total phenolic content and other oxidation substrates in
plant tissues using Folin-Ciocalteu reagent. Nature Protocol, 2(4), 875—-877. DOI 10.1038/nprot.2007.102.

24. Ficco, D. B. M., Riefolo, C., Nicastro, G., De Simone, V., Di Gesu, A. M. et al. (2009). Phytate and mineral
elements concentration in a collection of Italian durum wheat cultivars. Field Crops Research, 111(3), 235-242.
DOI 10.1016/j.fcr.2008.12.010.

25. Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein
utilizing the principle of protein-dye binding. Analytical Biochemistry, 72(1-2), 248-254.

26. Pilon-Smits, E. (2010). Selenium metabolism in plants. SpringerInternational Publishing.

27. Zhou, F., Yang, W., Wang, M., Miao, Y., Liang, D. (2018). Effects of selenium application on Se content and
speciation in Lentinula edodes. Food Chemistry, 265, 182—188. DOI 10.1016/j.foodchem.2018.05.087.

28. Zhu, Y. G., Pilon-Smits, E. A. H., Zhao, F. J., Williams, P. N., Meharg, A. A. (2009). Selenium in higher plants:
understanding mechanisms for biofortification and phytoremediation. Trends in Plant Science, 14(8), 436—442.
DOI 10.1016/j.tplants.2009.06.006.

29. Bian, Z. H., Bo, B., Cheng, R. F., Wang, Y., Li, T. et al. (2020). Selenium distribution and nitrate metabolism in
hydroponic lettuce (Lactuca sativa L.): effects of selenium forms and light spectra. Journal of Integrative
Agriculture, 19(1), 133—144. DOI 10.1016/S2095-3119(19)62775-9.

30. Mao, H., Wang, J., Wang, Z., Zan, Y., Lyons, G. et al. (2014). Using agronomic biofortification to boost zinc,
selenium, and iodine concentrations of food crops grown on the loess plateau in China. Journal of Soil Science &
Plant Nutrition, 14(ahead), 459-470.


http://dx.doi.org/10.1080/00103624.2013.847955
http://dx.doi.org/10.1016/j.jcs.2018.03.010
http://dx.doi.org/10.1021/acs.jafc.6b05149
http://dx.doi.org/10.1093/ajcn/79.2.244
http://dx.doi.org/10.1007/s11356-015-5582-4
http://dx.doi.org/10.1093/oxfordjournals.jhered.a105590
http://dx.doi.org/10.1007/s11032-011-9608-4
http://dx.doi.org/10.1016/j.plaphy.2010.09.009
http://dx.doi.org/10.1016/S0308-8146(98)00102-2
http://dx.doi.org/10.1038/nprot.2007.102
http://dx.doi.org/10.1016/j.fcr.2008.12.010
http://dx.doi.org/10.1016/j.foodchem.2018.05.087
http://dx.doi.org/10.1016/j.tplants.2009.06.006
http://dx.doi.org/10.1016/S2095-3119(19)62775-9

Phyton, 2020, vol.89, no.2 435

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Food and Agriculture Organization. (2009). Food supply. htip://faostat.fao.org/site/609/Desktop Default.aspx?
PagelD=609.

Boldrin, P. F., Faquin, V., Ramos, S. D., Boldrin, K. V. F., Avila, F. D. et al. (2013). Soil and foliar application of
selenium in rice biofortification. Journal of Food Composition & Analysis, 31(2), 238-244. DOI 10.1016/j.
jfca.2013.06.002.

Amato, R., Feudis, M. D., Guiducci, M., Businelli, D. (2019). Zea mays L. Grain: increase in nutraceutical and
antioxidant properties due to se fortification in low and high water regimes. Journal of Agricultural and Food
Chemistry, 67(25), 1-10.

Godina, R. C., Foroughbakhch, R., Mendoza, A. B. (2016). Effect of selenium on elemental concentration and
antioxidant enzymatic activity of tomato plants. Journal of Agricultural Science, 18, 233-244.

Shalaby, T., Bayoumi, Y., Alshaal, T., Elhawat, N., Sztrik, A. et al. (2017). Selenium fortification induces growth,
antioxidant activity, yield and nutritional quality of lettuce in salt-affected soil using foliar and soil applications.
Plant & Soil, 421(1-2), 245-258. DOI 10.1007/s11104-017-3458-8.

Sotirios, K., Aikaterini, S. E., Bakeas, G. B., Marta, P., Charalampos, P. et al. (2020). Trace elements, polycyclic
aromatic hydrocarbons, mineral composition, and FT-IR characterization of unrefined sea and rock salts:
environmental interactions. Environmental Science and Pollution Research, 16(2), 1-12.

Konikowska, K., Mandecka, A. (2018). Trace elements in human nutrition. Recent Advances in Trace Elements.
Wiley-Blackwell.

Huang, G., Ding, C., Guo, F., Li, X., Zhang, T. et al. (2017). Underlying mechanisms and effects of hydrated lime
and selenium application on cadmium uptake by rice (Oryza sativa L.) seedlings. Environmental Science &
Pollution Research, 24(23), 18926-18935. DOI 10.1007/s11356-017-9573-5.

Yang, F., Chen, L., Hu, Q., Pan, G. (2003). Effect of the application of selenium on selenium content of soybean
and its products. Biological Trace Element Research, 93(1-3), 249-256. DOI 10.1385/BTER:93:1-3:249.

Josef, D., Jifina, S., Mestek, O. (2016). Selenium uptake, transformation and inter-element interactions by selected

wildlife plant species after foliar selenate application. Environmental & Experimental Botany, 125, 12—19. DOI
10.1016/j.envexpbot.2016.01.006.

Huang, M. L., Zhou, S. L., Sun, B., Zhao, Q. J. (2008). Heavy metals in wheat grain: assessment of potential health
risk for inhabitants in Kunshan, China. Science of the Total Environment, 405(1-3), 54—61. DOI 10.1016/].
scitotenv.2008.07.004.

Dyer, C. A. (2007). Heavy metals as endocrine-disrupting chemicals. Endocrine-Disrupting Chemicals. Springer
International Publishing.

Zhou, X. B., Li, Y. Y. (2019). Effect of iron plaque and selenium on mercury uptake and translocation in rice
seedlings grown in solution culture. Environmental Science and Pollution Research, 26(14), 13795-13803.
DOI 10.1007/s11356-018-3066-z.

Hu, Y., Gareth, J. N., Huang, G. L., Liu, Y. X. (2014). Effect of selenium fertilization on the accumulation of
cadmium and lead in rice plants. Plant & Soil, 384(1-2), 131-140. DOI 10.1007/s11104-014-2189-3.

Sors, T. G., Ellis, D. R., Salt, D. E. (2005). Selenium uptake, translocation, assimilation and metabolic fate in
plants. Photosynthesis Research, 86(3), 373-389. DOI 10.1007/s11120-005-5222-9.

Tapiero, T., Townsend, D. M., Tew, K. D. (2003). The antioxidant role of selenium and seleno-compounds.
Biomedicine & Pharmacotherapy, 57(3-4), 134—144. DOI 10.1016/S0753-3322(03)00035-0.

Hopper, J. L., Parker, D. R. (1999). Plant availability of selenite and selenate as influenced by the competing ions
phosphate and sulfate. Plant and Soil, 210(2), 199-207. DOI 10.1023/A:1004639906245.

Maria, M. R., Assunta, R., Teresa, D., Valentino, R., Roberta, C. et al. (2016). Metabolic and molecular changes of
the phenylpropanoid pathway in tomato (Solanum lycopersicum) lines carrying different Solanum pennellii wild
chromosomal regions. Frontiers in Plant Science, 7(1484), 1-15.

Thiruvengadam, M., Chung, I. M. (2015). Selenium, putrescine, and cadmium influence health-promoting

phytochemicals and molecular-level effects on turnip (Brassica rapa ssp. rapa). Food Chemistry, 173, 185-193.
DOI 10.1016/j.foodchem.2014.10.012.


http://faostat.fao.org/site/609/DesktopDefault.aspx?PageID=609
http://faostat.fao.org/site/609/DesktopDefault.aspx?PageID=609
http://dx.doi.org/10.1016/j.jfca.2013.06.002
http://dx.doi.org/10.1016/j.jfca.2013.06.002
http://dx.doi.org/10.1007/s11104-017-3458-8
http://dx.doi.org/10.1007/s11356-017-9573-5
http://dx.doi.org/10.1385/BTER:93:1-3:249
http://dx.doi.org/10.1016/j.envexpbot.2016.01.006
http://dx.doi.org/10.1016/j.scitotenv.2008.07.004
http://dx.doi.org/10.1016/j.scitotenv.2008.07.004
http://dx.doi.org/10.1007/s11356-018-3066-z
http://dx.doi.org/10.1007/s11104-014-2189-3
http://dx.doi.org/10.1007/s11120-005-5222-9
http://dx.doi.org/10.1016/S0753-3322(03)00035-0
http://dx.doi.org/10.1023/A:1004639906245
http://dx.doi.org/10.1016/j.foodchem.2014.10.012

	Effects of Different Selenium Application Methods on Wheat (Triticum aestivum L.) Biofortification and Nutritional Quality
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


