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Abstract

:

The dynamics of selenium (Se) uptake by two maize varieties (Zea mays L.) were assessed under two selenium doses (0.1 and 0.2 mg kg−1 of soil) applied to the soil. The addition of Se increased the biomass yield of the Se-susceptible variety (Bielik), while significantly decreasing the yield of the Se-resistant variety (Lober), and this suppression was stronger at the higher Se dose. The content and uptake of selenium by maize also increased with the Se dose, and the Bielik variety proved to be more effective. In terms of crop quality for animal nutrition, the optimal Se content (330–365 µg kg−1) was reached after 81 days of vegetation under the lower Se dose only, while the higher treatment led to excessive Se accumulation in maize biomass.
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1. Introduction


Selenium (Se) is an essential component of glutathione peroxidase, which can eliminate free radicals and peroxides in cells. This discovery gave rise to many studies on Se’s role in the proper functioning of living organisms [1,2]. This micronutrient is found in a variety of organoselenium compounds (selenoamino acids, selenocysteine, selenomethionine and selenoproteins), which are significant for the resistance to permanent oxidation [3].



Selenium deficiency is thought to affect 800 million people worldwide. The World Health Organization (WHO) recommends a Se dietary intake of 55–200 μg day−1 for adults. The minimal Se concentration in livestock feed is recommended at 50–100 μg kg−1 of dry forage mass [4]. Se deficiency may lead to dangerous diseases, such as muscular dystrophy and white muscle diseases, in calves and lambs [5,6]. Se deficiency in the daily diet may also inhibit growth, stimulate appetite, cause perinatal complications and decreased immunity in calves, as well as disturb iodine metabolism in cattle [7]. The bioavailability of selenium varies among animal species. Pigs are known to absorb Se in both its mineral and organic forms, while ruminants suffer more often from Se deficiency because rumen bacteria may reduce Se to inassimilable forms at low pH levels [5,7].



During the last 20 years, many studies have been conducted on the possibility of increasing this nutrient in the daily diet of humans and animals. Biofortification through fodder crops may offer a natural and relatively safe method of supplying Se to animals. Plants accumulate selenium mainly in an inorganic form and then use it to synthesize the seleno-amino acids in selenomethionine, which thus becomes a source of Se’s organic form for animals [8]. Compared to its inorganic compounds, organic Se compounds are characterized by much higher bioavailability for human and animal organisms [9,10]. The consumption of Se-enriched foods and fodder crops is considered an effective method of Se incorporation into the food chain, thus reducing the Se deficit in humans and animals [5].



Maize (Zea mays L.) is the most widely cultivated cereal crop in the world, used both for feed production for animals and grain-derived products for human consumption [11]. Attempts at maize biofortification with selenium have been undertaken in many countries using various application methods (soil or foliar fertilizers) and various Se forms (selenite, selenate, organic compounds and nano-selenium). However, maize’s Se uptake ability may depend on many factors, such as the Se availability in the soil, the soil’s properties (pH, redox potential, organic matter and clay mineral content, etc.), the climatic conditions and the maize variety [2,11,12,13,14,15,16]. Selenates tend to be more available to plants, but their use as fertilizers is associated with the risk of exceeding the optimal Se content in plant tissues. For maize, biofortification with Se may have a positive effect under field conditions at a rate of 100–200 g ha−1 (as sodium selenite) [14].



Selenium in high concentrations can be toxic to humans and animals, and the boundary between its acceptable and excessive content is extremely narrow. On the other hand, the content of selenium in plants may depend on the length of the growing season. During vegetation, the selenium content may decrease due to the plant dilution effect. This effect occurs when the dry-weight accumulation increases at a faster rate than mineral-nutrient accumulation. Conversely, an increased mineral-nutrient concentration will result when the mineral-nutrient accumulation increases at a faster rate than dry-weight accumulation [17].



The period between the Se application and the time the plants become suitable for animal feeding may be lengthy [18]. Hence, determining a safe Se dose in plant biofortification, defining the dynamics of selenium uptake by plants and identifying the appropriate vegetation phase in which plants intended for fodder production will contain the optimal selenium content are key tasks for researchers. The aim of this study was to assess the effect of selenium applied to the soil on the dynamics of Se uptake by maize plants.




2. Materials and Methods


2.1. Soil


Soil from the plough layer (0–20 cm) collected in Przeworno, SW Poland (50°41′54″ N 17°09′46″ E), was used in this experiment. The soil had the texture of loamy sand and a slightly acidic reaction (pHKCl 6.1). The content of total Se and soluble Se in diethylenetriaminepentaacetic acid (DTPA) was 143 and 13.8 µg kg−1, respectively, which falls below the mean Se concentration of soils throughout the world (0.4 mg kg−1, ranging from 0.01 to 2 mg kg−1) [19]. The soil was dried, sieved through a 2 mm mesh and evenly mixed with macro- and micronutrients (N, P, K, Mg, Na, Cu, Fe, B, Mn, Mo and Zn) applied in a doses of 0.5, 0.4, 0.5 and 0.3 g pot−1 and 75, 3, 30, 3, 20, 1 and 5 mg pot−1, respectively. The experiment was conducted in pots containing 5 kg of soil.




2.2. Plant Material and Experimental Design


The experiment was conducted in a greenhouse (Department of Plant Nutrition, Wrocław University of Environmental and Life Sciences, Poland, 51°10′25″ N 17°06′52″ E) and arranged in a completely randomised design with three replicates and three factors. The two maize varieties (Lober: FAO 240 and Bielik: FAO 230–240, both of which are a mid-early trilinear hybrid) used as test plants differ in their ability to accumulate Se at its natural (low) content in soil [16]. Three Se treatments, applied before maize sowing, included 0 Se (no Se addition; a control), 0.1 mg Se kg−1 of soil and 0.2 mg Se kg−1 of soil. Selenium was applied as an aqueous Na2SeO4 solution, which was uniformly mixed with the soil. Twelve seeds of maize per pot were sown, and the plant number was reduced to six per pot ten days after emergence. The soil in a pot was maintained at 60% of the maximum water capacity. Maize was harvested at four terms: after 23 days of vegetation (BBCH 16, six leaves unfolded), after 38 days (BBCH 19, nine or more leaves unfolded), after 64 days (BBCH 51, beginning of tassel emergence) and after 85 days (BBCH 70, beginning of grain development) [20]. The six plants per pot were harvested just above the soil surface, cut into small pieces and dried at room temperature, i.e., 20–30 °C, to avoid Se losses by methylation, until a constant weight was achieved. Then the biomass yield (dry matter) was weighed, and the plant material was ground for further chemical analysis.




2.3. Estimation of Se Content in Plants


The amount of selenium in the plants was determined after sample digestion with a heated mixture of methanol, Triton X-100 (1:10 solution), 40% magnesium nitrate (MgNO3 6H2O) and concentrated nitric acid [21]. The samples were placed on a heating plate where the temperature gradually increased from 75 °C to 200 °C within 20 h. Then the samples were transferred to a muffle furnace for further digestion at 500 °C for 4 h. The residues were dissolved with diluted HCl (1:1) and heated for 1 h at 95 °C. The solution was then quantitatively transferred to a 50 cm3 volumetric flask. The Se content in the extracts was determined by atomic absorption spectrophotometry (AAS) in combination with hydride generation (Spectra 220 FS + VGA-76 adapter, Varian Australia Pty Ltd., Sydney, Australia). All measurements were performed twice for each sample, and the results shown in this study are their mean values. The measurements were optimised by determining the repeatability and recovery from the reference plant material (INCTTL-1) with the certified Se content of 0.076 mg kg−1, obtaining an average recovery of 97% and a relative error of 4%.




2.4. Relative Rate of Dry Mass Accumulation and Relative Rate of Selenium Uptake by Maize


Due to the different harvest dates and different lengths of vegetation (19, 34, 60 and 81 days from emergence), the relative rate of dry mass accumulation and relative rate of selenium uptake by plants were selected as indicators of plant growth. These values were calculated by dividing the yield by the number of vegetation days since emergence (BBCH 09) or, for the remaining harvest dates, by the number of days that had elapsed since the previous phase. That value was then divided by 6, the number of plants in the pot.





    R e l a t i v e     R a t e     o f     D r y     M a s s     A c c u m u l a t i o n       R M G    =    Y i e l d      Tn           Δ d    T n  − 1       /   6      g     p l a n    t   − 1    d a    y   − 1       



(1)








	
YieldTn—plant dry mass [g pot−1] harvested at Tn;



	
Tn—phase of plant growth/harvest;



	
∆dTn−1—number of days since previous harvest phase.










    R e l a t i v e     R a t e     o f     S e l e n i u m     U p t a k e       R S e U    =    S e U      Tn           Δ d    T n  − 1       /   6     µ  g     p l a n    t   − 1    d a    y   − 1       



(2)








	
SeUTn—Se uptake [µg pot−1] by plants harvested at Tn;



	
Tn—phase of plant growth/harvest;



	
∆dTn−1—number of days since previous plant harvest phase.










    S e l e n i u m     U p t a k e       S e U    =    Y i e l d      Tn    ×     S e C      Tn     1000  g      µ  g     p o    t   − 1       



(3)








	
YieldTn—plant dry mass [g pot−1] harvested at Tn;



	
Tn—phase of plant growth/harvest;



	
SeCTn—Se content [µg kg−1] in plants harvested at Tn.









2.5. Statistical Analysis


Statistica 8.0 software was used for the statistical analysis. Analysis of variance (ANOVA) was employed to detect the significance of the treatment effects while least significant difference (LSD) tests at p < 0.05 were utilised to compare the differences between means.





3. Results and Discussion


3.1. Plant Yield


The yield of the above-ground maize biomass varied depending on the vegetation stage, selenium dose and varietal properties (Table 1, Figure 1). In general, the Lober variety provided a higher average biomass yield than did the Bielik variety, although the varietal differences in yield appeared mainly in the latter vegetation stages (BBCH 51 and BBCH 70).



Selenium present in a low concentration in soil can act as an antioxidant and stimulate plant growth. At high and toxic concentrations, however, Se’s impact on plant yield is negative, causing metabolic disturbances [22]. Such a reaction was observed in maize, which at low doses of soil selenate yielded at a higher level than did the control plants. Considerable reduction was observed in dry matter, root length, antioxidant enzymes and other physiological parameters at the selenium level of 20 mg kg−1 [23].



The beneficial effect of Se fertilization on plant biomass may be related to its influence on the rate of photosynthesis and the higher biosynthesis of chlorophyll [24]. Selenium may also increase maize yield under stress conditions, such as soil salinity or soil contamination with metals, such as cadmium or arsenium, by reducing these conditions’ negative effects. Se can protect the plant against oxidative damage by increasing the activity of antioxidant enzymes and influencing the concentration of non-enzymatic antioxidants (phenolics and flavonoids) [25,26,27].



Figure 1 presents the different yield responses of the maize varieties to selenium. Dry matter of the Lober variety was higher than that of the control in all vegetation stages. Moreover, Lober yields responded positively to the higher Se dose. At the dose of 0.1 mg kg−1, the maize dry mass in the BBCH16 phase was 11% higher than in the control, but in the BBCH 70 phase, it was only 2% higher than in the control. At the higher Se dose (0.2 mg kg−1), the crop yield was also higher by 23% and 3% in the BBCH 16 and BBCH 70 phases, respectively.



The influence of Se on maize yield may depend on the Se dose but also on the chemical form and the method of its application. In this study, sodium selenate was used due to its greater efficiency, compared to selenites or Se organic compounds, in increasing the selenium level in plants. Plants can easily absorb selenates and then effectively translocate them to shoots [28,29]. A positive response to sodium selenate on maize yield was found after Se was applied to soil at doses of 10–40 mg ha−1 [15]. A similar positive on plant yield was found at low selenium doses in ryegrass (0.1–2.0 mg kg−1 soil) [30], lentil (2.2 μg g−1 soil) [31] and rice (0.75 mg kg−1 soil) [32].



This study confirmed no significant effect of Se on plant yield in the Bielik variety during the early vegetation stages. However, in the later growth phases, Se application resulted in a significant reduction in plant dry mass compared to the control, especially at the higher Se dose (Figure 1).



High concentrations of selenates in the soil may negatively affect plant growth. This phenomenon has been observed after selenium was applied to the soil at doses of 0.4–10 mg kg−1 in ryegrass [30], at a dose of 4 mg kg−1 in rapeseed [33] and at a dose of 2 mg kg−1 in wheat [28]. In our study, a negative effect on maize dry mass was found in the Bielik variety at a selenium dose of 0.2 mg kg−1.



Figure 2 reveals that the relative rate of dry mass accumulation of the maize plants increased with the selenium dose, reaching its maximum value at the beginning of the tassel emergence phase (BBCH 51). Over the 21 days that followed, the relative rate of dry matter accumulation was lower by 24% (in Lober) and 44% (in Bielik) than in the BBCH 51 phase. The control plants of the Bielik variety exhibited a higher average dry matter accumulation in the early stages of vegetation than did the Lober variety. However, the daily increase in dry matter accumulation in the Bielik variety was lower by 8% in the BBCH 51 phase and by 17% in the BBCH 70 phase than in the Lober variety.



The effect of selenium on the relative dry matter accumulation of maize depended on the vegetative phase and the varietal properties of the plants. Selenium had a positive effect on the dry mass accumulation of the Lober variety until the BBCH 51 phase, up to which the RMG value was by 11 to 7% (Se at 0.1 mg kg−1) and by 22 to 10% (Se at 0.2 mg kg−1) higher at subsequent growth stages than in the control plants. Over the 21 days of vegetation that followed, the effect of selenium on the relative rate of dry mass accumulation was negative.



A different dynamic was found in the Bielik variety. In the early vegetation stages, selenium exerted no effect on the daily increase in dry matter. Between the BBCH 51 and BBCH 70 phases, however, the higher Se dose suppressed the RMG value.




3.2. Selenium in Plants


The Se content in cereal foods—the main selenium source in the human diet—can range from 0.1 to 0.3 mg kg−1. Meanwhile, Se-fortified foods account for only 6% of human’s total Se intake [34]. This study demonstrated that maize belongs to the group of plants with a high ability to accumulate selenium in its above-ground parts. A similar positive effect in increasing the selenium content in various maize organs was found as a result of Se soil fertilization [11,15,35]. To analyse the uptake of nutrients, including selenium, by various plant organs, it is necessary to understand the factors influencing their bioavailability from the soil during the entire growing season [36].



Selenium content in the plants’ dry matter depended significantly on the Se dose, the vegetation stage and the varietal properties (Table 1). Plants collected from soil with a natural Se content contained less than 100 µg kg−1 of selenium, which fails to meet the daily requirement of this microelement for animals [37].



The Bielik plants contained on average 18% more selenium in dry matter than did the Lober plants, and the varietal differences persisted after the application of the selenium to the soil. The lower Se dose of 0.1 mg kg−1 resulted in a 21-fold increase in the Se content of maize shoots of the Bielik variety in the BBCH 16 phase, while at the higher Se dose (0.2 mg kg−1), this value was 45 times higher in the Lober variety and 36 times higher in the Bielik variety than in the control plants. The higher Se content in Bielik plants may be associated with the occurrence of two phenomena. First, the higher Se concentration in plants may occur when this value increases at a faster rate than dry-weight accumulation. Second, the lower content of accumulated dry mass in Bielik plants might be as a result of excessive or even toxic amounts of selenium taken up by plants, which could interfere with photosynthesis processes, thus limiting the yield of plants.



As the plants’ growth progressed, however, the selenium content in the maize shoots decreased, and this decrease may be related to the rapid increase in dry matter and the occurrence of the dilution effect [36]. The Se content in the BBCH 70 phase was, on average, 23% (Lober) and 32% (Bielik) lower than in the BBCH 16 phase of the same plants. After 81 days of vegetation, the selenium content in Se-fortified maize remained excessive—exceeding the standards of animal nutrition, especially at the higher Se dose. In addition, in the last vegetation stage, the Bielik variety contained approximately 200 µg kg−1 more selenium than did the Lober variety (Figure 3).



According to Song et al. (2018), the changes in selenium content and translocation in various vegetation stages was found in maize under the field treatment, suggesting that the selenium content of maize may be plant organ dependent. From the tillering stage to the mature stage, a significant gradual decrease in the Se content of the leaves and a significant increase in the Se content of the stems occurred. These dynamics may indicate that the Se content of the grains is derived mainly from the leaves—perhaps because maize is a high-stalk plant, which, at the maturity stage, exhibits weak Se translocation from the stems to the leaves and grains. Furthermore, the changes in the Se content of maize grain shows a trend similar to that observed in rice and soybeans [36].



Selenium fertilization may affect Se concentrations of the shoots and roots of maize plants in a dose-dependent manner. Previous research has demonstrated that when the sodium selenate concentration in the soil was increased at Na2SeO4 doses of 0–20 mg kg−1, the Se content of maize plants also increased after 60 days of vegetation [23]. Significantly more selenium—corresponding to an increasing Se dose in the soil—was also found in various crop species, such as rice [38], soybeans [39], oilseed rape [1,40] and buckwheat [41].



A study investigating the effect of Se soil fertilization at doses of 0–100 g ha−1 on the Se content of rice crops revealed that the selenium content in various parts of the plants significantly increased as the Se level in the soil increased. However, a significant decrease in the Se content of the shoots and roots also occurred from the tillering stage to the mature stage [38].



The intensity of selenium uptake by plants may depend on many factors, including the species and phase of vegetation, the Se content in the soil and its bioavailability for plants, the physiological conditions (salinity and soil pH), the presence of other substances, the activity of membrane transporters and the plant translocation mechanism [42,43,44]. In general, the maize shoots of the Bielik variety exhibited a higher average Se uptake than did those of the Lober variety (Table 1). Meanwhile, the varietal properties appeared to have no effect on the Se uptake in the control, and these plants accumulated less than 10 µg pot−1 of selenium throughout the entire growth period (Figure 4). The Se soil application resulted in a significant increase in the maize plants’ Se uptake until the BBCH 51 phase (most intensively between the sixth and ninth leaf phases). In the 21 days of vegetation that followed, the plants’ selenium accumulation was limited and dependent on the Se dose as well as on the variety’s properties. According to Young et al. (2003), a decrease in selenium content and Se uptake by plants in the late vegetation stage might be connected to a nutrient dilution caused by a biomass increase or decrease in the soil-available Se or the plants’ transformation from vegetative to reproductive growth [38]. In this study, the dilution effect, which relates to the rapid increase in dry matter, might occur, causing a decrease in selenium concentration per 1 kg of dry matter in the latter vegetation stage. As further studies show, the decrease in selenium content in plants may also be associated with the volatilization of Se volatile forms from the leaf surface. In the BBCH 70 phase, selenium uptake decreased by 1% (at a dose of 0.1 mg kg−1) and 36% (at a dose of 0.2 mg kg−1) in the Lober variety and by 26% and 32%, respectively, in the Bielik variety (Figure 4).




3.3. Rate of SE Uptake (RSeU)


Figure 5 shows the effect of the selenium dose on the relative rate of Se uptake (RSeU) by maize at subsequent growth stages. No significant effect of the varietal properties was found. However, the selenium treatment affected the RSeU value. The relative rate of selenium accumulation increased with days for maize vegetation, reaching its maximum value in the BBCH 19 phase. Subsequently, Se fertilization resulted in a significant decrease in the daily selenium uptake of one plant from the BBCH 19 phase to the BBCH 51 phase. Compared to the previous phase, the RSeU value in the BBCH 51 phase at the Se dose of 0.1 mg kg−1 was lower in the Lober and Bielik varieties by 23% and 9%, respectively. At the higher selenium dose of 0.2 mg kg−1, the daily Se uptake by one maize plant decreased by 65%.



The relative rate of Se uptake by maize was negative at the BBCH 71 phase in both varieties, which may indicate the loss of selenium from plant tissue as a result of the methylation process. The methylation of the amino acids selenomethionine and selenocysteine can be activated in plants under high levels of selenium accumulation, resulting in the production of methyl-SeMet and methyl-SeCys [43]. Both of the resulting compounds are precursors to the volatile selenium species DMSe and DMDSe, respectively. The synthesis of dimethyl selenide is most common in non-Se hyperaccumulator plants. Biomethylation in plants is seen as a detoxification effect because methylated forms of Se are less toxic. In addition, high selenium concentrations may provoke a defence mechanism against excessive Se accumulation inside plant cells [45,46]. In this study, the highest daily Se loss from a single maize plant (0.2 mg kg−1) occurred in the BBCH 71 phase, and the loss fluctuated on average at 0.46 µg plant−1 day−1.





4. Conclusions


Maize biofortification with selenium may facilitate incorporating this element into the daily diet of animals and humans. In this study, the dynamics of selenium uptake by the above-ground parts of maize plants were examined under soil fertilization with sodium selenate. The research showed that the application of selenium at low doses of 0.1 and 0.2 mg kg−1 may increase the Se content in maize plants; however, the effect of selenium fertilization on the plants’ dry mass yield depended on the varietal property. Maize crops harvested at the beginning of the tassel emergence phase (BBCH 51) contained an excessive amount of selenium, and maize plants under the Se treatment of 0.1 mg kg−1 were suitable for the production of animal feed after only 81 days of vegetation. Despite this study’s valuable contributions, the exact mechanism of selenium detoxification with respect to the plant species and varieties remains unclear. Comparative investigations are needed to establish the threshold levels of selenium toxicity in different maize varieties that may result in the activation of a defence mechanism of volatilization. In addition, further research into the effectiveness of other chemical forms of Se in increasing the selenium content to the optimal level in maize and determining the appropriate harvest date for plants intended for animal feeding are necessary.
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Figure 1. Effect of selenium dose on dry mass of two maize varieties (g pot−1) at subsequent growth stages. 
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Figure 2. Effect of selenium dose on the relative rate of dry mass accumulation (RMG) (g plant−1 day−1) of two maize varieties: (a) Lober and (b) Bielik, at subsequent growth stages. 
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Figure 3. Effect of selenium dose on Se content (µg kg−1) in two maize varieties at subsequent growth stages. 






Figure 3. Effect of selenium dose on Se content (µg kg−1) in two maize varieties at subsequent growth stages.



[image: Agronomy 11 01305 g003]







[image: Agronomy 11 01305 g004 550] 





Figure 4. Effect of selenium dose on Se uptake (µg pot−1) by two maize varieties at subsequent growth stages. 
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Figure 5. Effect of selenium dose on the relative rate of Se uptake (RSeU) (µg plant−1 day−1) by two maize varieties: (a) Lober and (b) Bielik, at subsequent growth stages. 
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Table 1. Plant yield, selenium content and uptake by maize (Zea mays L.).
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Yield (g pot−1)

	
RMG (g plant−1 day−1)

	
Se Content (µg kg−1)

	
Se uptake

(µg pot−1)

	
RSeU

(µg plant−1 day−1)






	
Variety (A)

	

	

	

	

	




	
LOBER

	
77.9

(7.45–156)

	
0.24

(0.00–0.52)

	
835

(10.0–2670)

	
45.3

(0.45–179)

	
0.09

(–0.61–0.72)




	
BIELIK

	
71.0

(8.97–140)

	
0.22

(0.00–0.43)

	
992

(28.0–2774)

	
50.2

(0.68–186)

	
0.10

(–0.52–0.72)




	
Se dose (mg kg−1) (B)




	
0

	
73.3

(7.45–152)

	
0.28

(0.06–0.46)

	
41.5

(10.0–82.0)

	
2.17

(0.45–5.40)

	
0.01

(–0.01–0.02)




	
0.1

	
74.7

(9.07–156)

	
0.29

(0.08–0.51)

	
862

(324–1696)

	
41.5

(10.9–67.3)

	
0.12

(–0.16–0.43)




	
0.2

	
75.4

(9.62–154)

	
0.28

(0.08–0.52)

	
1838

(662–2774)

	
99.6

(25.06–187)

	
0.25

(–0.61–0.72)




	
BBCH (C)

	

	

	

	

	




	
BBCH09

	
-

	
0.00

	
-

	
-

	
0.00




	
BBCH16

	
9.43

(7.45–11.1)

	
0.08

(0.06–0.10)

	
1382

(55.0–2774)

	
13.5

(0.45–29.7)

	
0.12

(0.00–0.26)




	
BBCH19

	
37.7

(33.3–41.0)

	
0.31

(0.27–0.35)

	
1166

(30.0–2548)

	
44.7

(1.00–92.8)

	
0.35

(0.01–0.72)




	
BBCH51

	
106

(97.9–120)

	
0.44

(0.38–0.52)

	
722

(20.0–1811)

	
77.6

(2.13–186)

	
0.21

(0.00–0.60)




	
BBCH70

	
144

(131–156)

	
0.30

(0.23–0.37)

	
385

(10.0–919)

	
55.1

(1.52–121)

	
−0.18

(–0.61–0.05)




	
A

	
* LSD0.05 0.83

	
* LSD0.05 0.01

	
* LSD0.05 28.36

	
* LSD0.05 2.25

	
ns




	
B

	
* LSD0.05 1.01

	
ns

	
* LSD0.05 34.74

	
* LSD0.05 2.75

	
* LSD0.05 0.02




	
C

	
* LSD0.05 1.17

	
* LSD0.05 0.01

	
* LSD0.05 40.11

	
* LSD0.05 3.18

	
* LSD0.05 0.03




	
A × B × C

	
* LSD0.05 2.87

	
* LSD0.0 50.02

	
* LSD0.05 98.25

	
* LSD0.05 7.78

	
* LSD0.05 0.07








All of the data are expressed as mean (and minimum-maximum in brackets) value; * LSD0.05–significant differences at p ≤ 0.05 according to Duncan’s multiple-range test; ns–non-significant at p ≤ 0.05; BBCH plant vegetation phases; RMG relative rate of dry mass accumulation; RSeU relative rate of selenium uptake by plants.
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