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Abstract

:

The use of stimulation preparations seems to be a promising means for mitigating the effects of abiotic and biotic stressors. Their significance includes plant organism stimulation and metabolism optimisation, water regime, and nutrition during periods of stress. They help bridge it over and create conditions for rapid regeneration. In a field experiment, the effect of the application of stimulation preparations on cultivars Triticum aestivum L. with different genetic composition was evaluated (donor of blue aleurone colour KM-72-18; donor of a multi-row spike (MRS) KM-94-18). Our results show a predominantly positive effect of the application of stimulants on the yield and thousand-grain weight (TKW). The results obtained were influenced by the year, based on different temperatures and precipitation. Higher yields were achieved in 2020 with higher total precipitation during the grain filling period and with a higher maximum quantum yield of the photosystem II (Fv/Fm). In 2019, this period was significantly dry and warm, which was reflected in a lower yield and TKM, higher proline content in the leaves, and lower Fv/Fm values. In both experimental years, there was a higher yield of the cultivar with blue aleurone (KM-72-18). In the case of cultivars with coloured grains, the promising use of the content substances in cultivars as natural means of increasing resistance to abiotic and biotic stressors seems to be promising.
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1. Introduction


Field crops in general are constantly exposed to a lot of stressors during the growing season. These are usually divided into two categories—abiotic and biotic—depending on the nature of the trigger [1]. In field conditions, individual stressors do not act on plants separately, but always in combination, e.g., high temperature, higher intensity of sunlight, and water deficit [2]. Triticum aestivum L. is one of the most widespread crops. Global wheat production is expected to reach a new record of 780 million tonnes in 2021, according to a preliminary forecast issued on March 4 by the Food and Agriculture Organization of the United Nations [3]. According to some predicted reports, agriculture is considered the most endangered activity adversely affected by the climate change [4].



Abiotic stress factors cause morphological, physiological, and biochemical changes. Ultimately, they can affect the yield and product quality as well as change the visual appearance and/or nutritional value [5]. Generally, many stress factors act at the same time, such as water and high-light stresses [6].



Plant adaptation and reducing the effect of stress factors are essential for the increase of the agricultural system’s resilience, crop yields, and quality assurance. The environmental conditions cannot be controlled, and therefore several strategies such as agronomic techniques or the breeding of more tolerant cultivars are needed [7].



For years, research and practice have been dealing with ways to reduce the effects of stressors on field crops stands: from the breeding of tolerant cultivars and the introduction of new species, to the optimisation of agricultural techniques. One possible method from the set of all used measures is the application of stimulation preparations [5]. They usually have a different chemical composition, where the stimulation effect is a consequence of the synergistic action of different bioactive molecules. These are usually products obtained from various organisms or microorganisms, or even inorganic substances that are capable of improving plant growth, productivity, and alleviating the negative effects of stress [8,9,10]. Mineral elements, vitamins, amino acids, poly- and oligosaccharides, traces of natural plant hormones are among the most well-known components [11]. They can act directly on the physiology of the plant and modify some molecular processes, allowing improving the efficiency of water and nutrient utilisation in crops and stimulating plant development by increasing primary and secondary metabolism [10]. According to a report by Grand View Research, Inc. in March 2018, the size of the biostimulant market is expected to reach a turnover of USD 4.14 billion by 2025 [12].



Another way to eliminate the impact of abiotic stressors is the increasing of the yield potential of new cultivars. The spike storage capacity, which stimulates the inflow of assimilates into the grain in the period after anthesis, plays an important role in the formation of the yield [13]. Therefore, gene sources are sought to increase the number of reproductive organs [14], such as the number of spikelets in a spike, the number of grains in a spikelet, or the number of embryos in a flower [15,16]. A multi-row spike (MRS) was transferred to common wheat from a hexaploid radiomutant source obtained from VIR St. Petersburg. Multi-row spike is conditioned by the recessive gene mrs1, located on the short arm of the 2DS chromosome. It is manifested by an increased number of sessile spikelets growing from individual nodes of the spike and by an increase in the spike storage capacity [17].



The accumulation of secondary metabolites may also be important in the elimination of abiotic stressors. The study of the resistance of coloured grain genotypes to abiotic stressors seems very promising. Coloured wheat grains biosynthesise and accumulate anthocyanin [18]. Anthocyanins have osmoregulatory abilities, thus causing a protective role under conditions of extreme temperatures. Under the influence of drought and salinity, they can prevent the oxidation of lipids and, in this way, protect the plasma membrane from damage [19,20]. Comparative analysis of almost isogenic wheat lines, differing from each other by the content of anthocyanins in the coleoptile and pericarp, showed a higher drought tolerance in the line with a higher content of purple dye [21]. Under drought stress, the expression levels of TaCHS, TaCHI, TaF3H, TaDFR, and TaANS in wheat leaves were upregulated, the anthocyanin content was increased, and the plants had stronger drought resistance [20]. Coloured wheat genotypes with high anthocyanin content are capable of maintaining significantly higher dry matter production after salt stress treatment [22].



The field experiment aimed to evaluate the effect of the application of stimulation preparations on cultivars with different genetic architecture to cope with unfavourable climatic conditions. First, the use of the possibility of influencing the metabolism by content substances (anthocyanins). The experimental cultivars were a donor of blue colour aleurone and donor of the multi-row spike (MRS). The monitored parameters were yield and selected physiological characteristics.




2. Materials and Methods


2.1. Experimental Design


The field experiment took place in the period of 2018–2020 in Velký Týnec, Czech Republic (49°33.11838’ N, 17°20.25320’ E). The research was focused on monitoring the effect of the application of commercial stimulation preparations on selected physiological parameters and yield on the winter wheat. The application scheme and characteristics of the preparations are given in Table 1. The plant material was derived from cultivars in Kroměříž, the Czech Republic: (i) donor of the blue colour aleurone KM-72-18 (A), conditioned by the presence of the Ba2 gene on the long arm of the chromosome 4A [23], which causes a blue anthocyanin colouration of the grain; (ii) multirow spike (MRS) donor KM-94-18 (B), conditioned by the presence of the FRIZZY PANICLE 1 gene [24], capable of producing a larger number of spikelets from the spindle node [25] (Figure 1).



Sowing was carried out in both years in the first decade of October in 4 million seeds per hectare. During March and April, calcium ammonium nitrate (CAN) was applied in three doses (151.2 kg N ha−1 in total). During the experiment, classical agrotechnics was performed with the application of herbicides, insecticides, and morphoregulators according to current needs. The experimental plots were in blocks according to the Latin square, measuring 1.125 × 8.9 M, in triplicate. In the experimental stands, the physiological characteristics were evaluated in phenological phases 65 and 73 BBCH-scale. The phenological phase of the stand was classified according to Meier [26].




2.2. Photosynthetic Pigments and Free Proline Analyses


The pigment content in the leaves was measured photometrically with the Evolution 2000 UV–Vis (Thermo Fisher Scientific Inc., Waltham, MA, USA) by the Porra method [27] in ten replicates from each experimental plot and is given in mg m−2. The content of free proline was determined using the method of Bates et al. [28] with modifications. A sample of leaves (0.5 g) was homogenised in 10 mL of 3% sulfosalicylic acid using a mortar and pestle, and the homogenate was filtered through filter paper. Aliquots of 1 mL of the filtrate were mixed with 1 mL of acid ninhydrin solution and 1 mL of acetic acid and placed on a shaker for 20 min. The samples were then heated at 90 °C for 30 min, cooled in ice water, thoroughly mixed with 3 mL of toluene, and incubated for 20 min at room temperature. The samples were stored for 24 h at 4 °C. Next, the upper layer of the separation mixture was used for the measurement of absorbance at 520 nm (UV–Vis, Evolution 210, Thermo Scientific, Waltham, MA, USA). Five plants were used as independent samples for each treatment. The proline concentration was determined using a calibration curve for proline as µM g−1 FW (fresh weight) in five replicates from each experimental plot and is expressed in µmolg−1 of fresh biomass.




2.3. Chlorophyll Fluorescence


The minimum chlorophyll fluorescence (F0) and the maximum chlorophyll fluorescence (Fm) were also measured in situ, with the portable fluorometer OS5p+ (ADC BioScientific Ltd., Hoddesdon, Great Britain) with 1 s excitation pulse (660 nm) and a saturation intensity of 3000 μM m−2 s−1 after 20 min of darkness adaptation of the 4th or 5th fully expanded leaves. The maximum quantum yield of PSII was calculated using the formula: Fv/Fm = (Fm − F0)/Fm. These parameters were measured in five replicates of each experimental plot.




2.4. Analysis of the Yield Components


In each plot of the experimental treatments (T1–T6), the yield (t ha−1), and the thousand-grain weight (TKW) were evaluated.




2.5. Statistical Analysis


One-way ANOVA was used to evaluate the variables in treatments. After obtaining significant results (p < 0.05), multiple comparisons using Tukey’s test were applied to identify significant differences between treatments. All analyses were performed using STATISTICA 12 software (Statsoft, Tulsa, OK, USA).





3. Results and Discussion


3.1. Characteristics of the Experimental Period 2018–2020 and the State of the Stands


The characteristics of the weather during the vegetation period of 2018–2020 compared to the long-term Normal 1981–2010 (N30) are shown in Figure 2. The vegetation period from September 2018 to August 2019 was warmer by 2.2 °C in the experimental locality than the long-term Normal (N30 = 8.8 °C) with a total precipitation of 579 mm, which represents 113% of the long-term Normal (512 mm). However, the precipitation was not evenly distributed; October, November, April, and June were very dry. The autumn was warm and the winter mild. Winter wheat stands were well established and survived the winter well with no visible frost damage, no reduction of plants. The months of March and April were below normal in terms of precipitation and temperatures were up to 3 °C higher than the long-term Normal. It caused the early onset of spring, and the very rapid generative development of the winter wheat stands. May was above normal and colder than the long-term Normal (approximately 1.4 °C); June was warm and dry. July was dry and warm, which accelerated ripening.



The growing season from September 2019 to August 2020 was warmer by 2.1 °C than the long-term Normal, with a total precipitation of 600 mm, which represents 117% of the long-term Normal. The distribution of the precipitation was again not uniform—almost no precipitation fell in April. By contrast, February, May, and especially June had above-normal precipitation. Autumn was a very warm, humid, and mild winter, followed by an early onset of spring (February was warmer by 5.2 °C than the long-term Normal). An anhydrous April (3 mm of precipitation) significantly affected the condition of the stands. May and June saw above normal precipitation, which improved the condition of the stands. It significantly increased the risk of lodging of winter wheat stands and their subsequent lodging if it was not sufficiently regulated.



The uneven distribution of precipitation is considered to be an unfavourable vegetation factor, which even in years with normal or above-normal total precipitation can affect the amount of crop yield [29,30,31].




3.2. Photosynthetic Pigments


Photosynthesis is the primary process leading to production in the Biosphere [32], and its rate is affected by various factors including high temperature and CO2 concentration [33,34], drought [35], minerals [36,37], and many others [38]. The content of photosynthetic pigments is an important parameter influencing the rate of photosynthesis. It has been shown in many different scientific works that the content of photosynthetic pigments is reduced by the action of stress factors [39,40]. In the content of total chlorophylls (Chlt) significant differences were determined between experimental years, vegetation phases, and genotypes [41]. For carotenoids (Car), there was a significant difference between experimental years and vegetation phases (Table 2).



The higher content of Chlt and Car was determined in phase 65 BBCH. The reduction in photosynthetic pigments was determined in phase 73 BBCH, which may be caused by gradual leaf senescence [41] or stress factors. A decrease in the content of photosynthetic pigments results in a decrease in photosynthetic activity [42]. Of the monitored cultivars, KM-72-18 with a blue aleurone had the highest Chlt content, and there were no significant differences between the cultivars for Car.



Table 3 shows the contents of Chlt and Car according to single treatments and cultivars. In 2019, the positive effect of the application of stimulation preparations was manifested. The cultivar KM-72-18 in the developmental phase 65 BBCH showed a significant increase in Chlt content compared to the control (T1) in the treatments of T3 (112%) and T4 (106%). In phase 73 BBCH, a higher content of Chlt was evident in comparison with the control in T3 (122%), while a decrease in pigment content occurred in T6. There was no significant effect of carotenoid content in the application of stimulation preparations. In the cultivar KM-94-18 with a multi-row spike, the positive effect of the application of stimulants was manifested only in the developmental phase 73 BBCH. Compared to the control (T1), the Chlt content after the treatments T6 (158%), T4 (150%), T5 (134%), and T2 (117%) was significantly higher. In phase 73 BBCH, the content of carotenoids also showed a positive effect of the application of stimulants. Compared to the control (T1), carotenoids content after the treatments T6 (149%) was significantly higher. June of this year was warm and dry, heat stress during anthesis and grain filling were found to accelerate the degradation of the leaf chlorophyll content. It resulted in a decrease in both leaf photosynthetic activity and the final biomass [43]. The increase in the pigment content of KM-72-18 with blue aleurone may also be caused by the protective function of anthocyanins in plants under stress conditions [21]. In 2020, a positive effect of the application of stimulation preparations on the content of Chlt and Car during the monitored development phases of both cultivars was not shown.



The generally accepted parameter indicating the level of stress in plants is the maximum quantum yield of PSII (Fv/Fm). In plants under optimal conditions, the maximum quantum yield is ~0.8 [44]. The maximum quantum yield of PSII was significantly different between experimental years, vegetation phases, and cultures. The higher Fv/Fm value was in the 65 BBCH phases and from monitored cultivars, the cultivar KM-72-18 with blue aleurone had a higher Fv/Fm ratio. Significant differences in Fv/Fm were determined between the monitored variants of stimulants application (Table 2). Peripolli et al. [45] report an increase in Fv/Fm and the electron transport rate after biostimulator application.



In 2019, during the developmental phase 65 BBCH, the Fv/Fm ratio in both cultivars ranged from 0.791 to 0.817. It can be considered the optimal state [44], while there were no significant differences among applied preparations (Figure 3). These results can be related to the higher amount of precipitation in May, and that the measurement itself took place after the day of the precipitation. During the developmental phase of 73 BBCH, there was a decrease in Fv/Fm. In the KM-72-18 cultivar with blue aleurone, T5 treatment significantly increased the Fv/Fm ratio compared to the control. The decrease in Fv/Fm values suggests that some of the reaction centres of the PSII photosystem are damaged or inactivated. This phenomenon is commonly observed in stressed plants [40]. In addition to the current water and temperature stress in this period, the decrease in these values may also be related to the accelerated leaf senescence, because of which the Fv/Fm decreases [41,46,47]. It is known that many different species can speed up their post-anthesis development in conditions of terminal drought [48].



In 2020, during the developmental phases 65 and 73 BBCH, the Fv/Fm ratio for both cultivars ranged from 0.757 to 0.802. In the development phase 65 BBCH of the KM-72-18 cultivar with blue aleurone, T4–T6 treatments significantly increased the FV/Fm ratio compared to the control (T1). It is evident that with sufficient precipitation, when the month of June was significantly above normal precipitation, there was no significant decrease in the Fv/Fm ratio in the period of grain pouring. The stimulating effect of the applied preparations also was not manifested. According to Zivcak et al. [49], the Fv/Fm values are extremely stable, starting to decline at a dehydration level that is lethal for typical leaves. If drought stress persists under field conditions for a longer period of time (days), the decrease in the Fv/Fv values can be dramatic. The increase in sugar biosynthesis in biostimulant-treated plants has been found in several species, and it is associated with the increase in chlorophyll content, pure photosynthesis, and the quantum efficiency of the photosystem II [50,51].




3.3. Proline Content


The amino acid proline is increasingly synthesised in plants under conditions of water deficit, low temperature, UV radiation, in the presence of heavy metals, etc. (see Kaur et al. [52]). After the stress subsides, the proline is broken down and can be used as an energy source for plant regeneration after stress [45].



There were significant differences in proline content between experimental years, vegetation phases, and cultivars (Table 2). The higher proline content was in phase 73 BBCH. Of the cultivars monitored, the proline content was higher in KM-72-18 with blue aleurone. Higher accumulation of proline has an important function in protection against complex stress factors [53]. Proline protects plants by contributing to osmotic adaptation inside cells, stabilising membranes and enzymes, and scavenging free radicals [54]. Furthermore, colour-grained genotypes are expected to be more resistant to abiotic strains due to their higher anthocyanin content [55,56,57]. Under salinity conditions, genotypes with a higher content of anthocyanins accumulated more proline [22]. Purple wheat cultivars have been shown to have stable yields and can withstand drought stress [58].



Figure 4 shows the proline contents according to individual treatments and cultivars in the monitored years. In 2019, in phase 65 BBCH, there were no significant differences in the proline content between individual treatments of the two cultivars. It can be reconciled with the sufficient precipitation in this period. The higher proline content was determined in phase 73 BBCH. In the cultivar KM-72-18 with blue aleurone, the values of proline were significantly lower in the T3 and T4 treatments. For KM-94-18, the proline content of T2 treatment significantly increased. In 2020, in phase 65 BBCH, the KM-72-18 cultivar with blue aleurone had a lower proline content compared to the control for T2 to T5 treatments. No differences in proline content were determined in phase 73 BBCH and cultivar KM-94-18. We suggest that the increase in proline content is due to the natural accumulation of this osmoprotectant under stress conditions with the precipitation deficit and high temperatures [54,59]. It should also be taken into account that the proline content is a cumulative result not only of the rate of biosynthesis and degradation, but also of transport between cells and organs [60,61].




3.4. Yield Parameters


Grain yield and quality is one of the main parameters monitored in field experiments. They are given, among other things, by the course of weather conditions, habitat conditions, agrotechnical measures, genotype selection, etc. (see Pačuta et al. [62]). Yield and thousand-grain weight (TKW) were influenced by the year, cultivar, and applied product (Table 2). Higher yields were achieved in both cultivars in 2020, though yields were higher in the KM-72-18 cultivar with blue aleurone. The application of stimulation preparations significantly increased the yield and was also affected by the TKW. According to Van Oosten et al. [63], the effects of biostimulants consist in an increase in yield and the resistance to biotic and abiotic stress. Other authors also report a positive effect of stimulant application [64]. Optimal precipitation conditions during the grain filling period can affect the yield level. In winter wheat, accelerated ripening occurs under dry conditions during the grain filling period, when the yield and grain quality are subsequently negatively affected [65].



The yield (Table 4) increased for all applications in 2019 compared to T1 (100%). The cultivar KM-72-18 with blue aleurone had the highest yield for T5 treatment (107.0%). This difference was statistically significant. For the KM-94-18 cultivar with a multi-row spike, the highest yield was for the T6 treatment (105.5%). In 2020, KM-72-18 with blue aleurone had the highest yield compared to the control for T4 treatment (102.9%). For T2 and T6 treatments, there was a decrease in the yield compared to the control. Differences with the control (T1) were not statistically significant, except for the T6 treatment. For KM-94-18 with a multi-row spike, the yield was significantly higher for all treatments except for T6, but also for this treatment, the yield was higher compared to the control (T1). The highest yield was for T2 and T3 treatments (108.9%) compared to the T1 control (100%). In 2019, the TKW significantly increased compared to the control in the cultivar KM-72-18 with blue aleurone in the treatment T2 to T5, and in KM-94-18 with a multi-row spike in T3 to T6. In 2020, treatments did not significantly increase TKW.



When comparing the yield between the monitored cultivars, a higher yield was achieved with the blue aleurone cultivar in both experimental years. Therefore, the potential for an increase in reproductive organs in the spike and thus an increase in the storage capacity of the spike in the cultivar KM-94-18 with a multi-row spike was not significantly manifested.



Changing climatic conditions, rising temperatures, and, above all, the uneven distribution of precipitation significantly affect the quantity and quality of agricultural products. The response of a plant to a stress factor depends on its developmental phase, genotype, and the size and duration of the stress [66]. The reduction of global yields of wheat by 6.0%, rice by 3.2%, maize by 7.4%, and soybean by 3.1% is supposed [29]. However, changes in yields are very variable and depend on the conditions of individual regions, technologies used, genotypes [67,68,69,70,71]. Climate change could reduce global crop yields by 3–12% by mid-century and by 11–25% by the century’s end, under a vigorous warming scenario [72].



Nowadays, implicating the application of stimulation and support preparations in agrotechnical technologies is up-to-date. As previously mentioned, their contribution to increasing the yield of field and garden crops is documented. The T2 to T6 preparations used include, among others, free amino acids (T2–T5), L-proline (T4), macro and micronutrients (T4–T6), and seaweed and plant extracts (T6). Amino acids, as basic building blocks of proteins, have a multitude of functions in the plant organism, such as anti-stress agents, growth stimulators, a precursor of auxin, a precursor and stimulation of chlorophyll synthesis, and many others [73]. For the increase in yield and improvement of winter wheat quality parameters after the application of amino acid-based preparations and their possible use, see in [74,75,76]. The effect of exogenous application of proline has been extensively studied, and its effects are described [52]. The individual effects of macro- and microelements on growth, development, and yield generation are generally known [77]. Seaweed extracts also have a positive effect on plant metabolism [78,79,80].



Due to the different compositions of individual preparations, it is necessary to take into consideration the variable effects on individual physiological and metabolic processes in the plant. This variability was manifested both at the level of individual parameters and between the monitored cultivars and experimental years. The high variability of the influence of factors on the monitored parameters is reported by Pačuta et al. [62]. They think that the degree of stability of applied preparations needs to be increased in the future. Gozzo and Faoro [81] even report that biostimulants show variable efficiency under real field conditions, in contrast to the promising and positive effects observed under controlled laboratory conditions. In addition, it is necessary to focus on increasing the influence of bioactive substances on the quality parameters of cultivated crops [62].



Some authors also deal with the issue of economic efficiency [64]. Calvo et al. [82] confirm that the application of biostimulants increases the productivity and quality of crops while responding to economic and sustainable requirements.





4. Conclusions


Utilising stimulant preparations can have a positive effect on the optimisation of metabolism and photosynthetic apparatus in a period of unfavourable precipitation and temperature. The composition of the products under study varies and it can be assumed that they will have different effects on the various subprocesses within the plant organism. The obtained results were influenced by the year and were based on different temperatures and precipitation. Higher yields were achieved in 2020 with higher total precipitation, especially during the grain filling period. It also seems possible that the stimulatory effect of the applied products may not be applied in periods of high rainfall. There was also no potential to increase the reproductive organs in the spike, and thus increase the storage capacity of the spike in a cultivar with a multi-row spike, which would be reflected in the yield. The use of content substances in cultivars as a natural means of increasing resistance to abiotic and biotic stressors seems to be promising. It follows that for the sustainability of agricultural production in the subsequent period, it is necessary to use all innovative technological procedures, optimal selection of genotypes, suitable mineral nutrition, and stand protection in correlation with economic efficiency.
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Figure 1. (A) Cultivar KM-72-18 (donor of the blue colour aleurone); (B) cultivar KM-94-18 (multirow spike donor). 
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Figure 2. Monthly and long-term air temperature (°C) and precipitation (mm) at the experimental site Velký Týnec in the Czech Republic during the experimental period of 2018–2020. The long-term average is from the period of 1981–2010. 
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Figure 3. The maximum quantum yield of PS II (Fv/Fm) in the cultivar with blue aleurone KM-72-18 (A) and a multi-row spike KM-94-18 (B) in the development phases 65 and 73 BBCH at single treatments of the stand (T1–T6). Means ± SE; n = 5; LSD post hoc test. For each period and cultivars, the columns with the symbol * are significantly different at p < 0.05 compared to the control treatment (T1). 
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Figure 4. Proline content in the cultivar with blue aleurone KM-72-18 (A) and a multi-row spike KM-94-18 (B) in the development phases 65 and 73 BBCH at single treatments of the stand (T1–T6). Means ± SE; n = 5; LSD post hoc test. For each period and cultivars, the columns with the symbol * are significantly different at p < 0.05 compared to the control treatment (T1). 
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Table 1. Scheme of monitored preparations application and their brief characteristics. For the applied stimulation preparation (T2–T6), the applied dose (L ha−1) for the experimental stands and the period of the application according to the phenological phase (BBCH) of the experimental stand is given.
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Treatments

	
Applied Dose of Monitored Stimulants (L ha−1) and the Phenological Phase of the Stand (BBCH)

	
Preparation Characteristics




	
BBCH 30

	
BBCH 37

	
BBCH 49–51

	
BBCH 63






	
T1

	
-

	
-

	
-

	
-

	
-




	
T2

	
Cleanstorm (0.1)

	
Cleanstorm (0.1)

	
Cleanstorm (0.1)

	
Cleanstorm (0.1)

	
Free amino acids

12%, combustible substances in dry matter 50%




	
T3

	
Energen 3D Plus (0.1)

	
Energen 3D Plus (0.1)

	
Energen 3D Plus (0.2)

	
Energen 3D Plus (0.3)

	
Free amino acids 13%, combustible substances in dry matter 50%




	
T4

	
Atlante-Cu-Prolina (0.6)

	
-

	
-

	
-

	
K2O 20%, P2O5 30%, Cu 0.5%, free amino acids (L-proline) 2%




	
T5

	
Aminocat 30 (0.2)

	
-

	
Aminocat 30 (0.2)

	
-

	
Free amino acids 30%, total N 3%, P2O5 1%, K2O 1%




	
T6

	
Fertileader 2M (2.0)

	
-

	
-

	
-

	
Seactive complex *, MgO 2%, Mn 11.7%








* Seactive complex (seaweed extract, plant extracts).
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Table 2. Total chlorophylls (Chlt), carotenoids (Car), the maximum quantum yield of PS II (Fv/Fm), proline content, yield, and thousand-grain weight (TKW). The values given are means ± SE for 2019 and 2020, phenological phases 65 and 73 BBCH, cultivars KM-72-18 (A) and KM-94-18 (B) and individual stand treatments (T1–T6). LSD post hoc test. Different letters differ significantly at p < 0.05.
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	Chlt (mg m−2)
	Car (mg m−2)
	Fv/Fm
	Proline (µM g−1)
	Yield (t ha−1)
	TKW (g)





	2019
	275.1 ± 4.7 a
	45.0 ± 0.7 a
	0.768 ± 0.003 b
	49.2 ± 2.0 a
	8.65 ± 0.14 b
	43.49 ± 0.86 b



	2020
	254.2 ± 3.9 b
	42.7 ± 0.7 b
	0.778 ± 0.002 a
	43.7 ± 1.5 b
	9.37 ± 0.08 a
	46.49 ± 0.53 a



	65 BBCH
	326.7 ± 2.9 a
	53.5 ± 0.4 a
	0.793 ± 0.002 a
	35.5 ± 1.2 b
	-
	-



	73 BBCH
	182.9 ± 3.9 b
	31.0 ± 0.6 b
	0.751 ± 0.003 b
	57.6 ± 1.9 a
	-
	-



	A
	272.6 ± 5.2 a
	43.8 ± 0.8 a
	0.776 ± 0.003 a
	55.6 ± 1.8 a
	9.42 ± 0.07 a
	48.94 ± 0.23 a



	B
	262.1 ± 4.1 b
	44.5 ± 0.7 a
	0.769 ± 0.003 b
	37.3 ± 1.5 b
	8.60 ± 0.14 b
	41.05 ± 0.45 b



	T1
	267.9 ± 8.8 a
	45.0 ± 1.4 a
	0.764 ± 0.006 b
	50.7 ± 3.2 a
	8.71 ± 0.22 c
	44.23 ± 1.34 b



	T2
	263.4 ± 7.2 a
	43.1 ± 1.2 a
	0.774 ± 0.005 ab
	47.3 ± 3.1 a
	9.07 ± 0.23 ab
	45.11 ± 1.39 a



	T3
	268.2 ± 8.7 a
	44.0 ± 1.3 a
	0.773 ± 0.004 ab
	43.7 ± 2.8 a
	9.15 ± 0.25 ab
	45.52 ± 1.48 a



	T4
	275.3 ± 7.5 a
	45.7 ± 1.1 a
	0.775 ± 0.004 a
	44.7 ± 2.8 a
	9.14 ± 0.23 ab
	45.38 ± 1.26 a



	T5
	264.7 ± 8.0 a
	43.9 ± 1.3 a
	0.779 ± 0.004 a
	44.5 ± 3.2 a
	9.18 ± 0.23 a
	44.70 ± 1.28 ab



	T6
	263.5 ± 7.9 a
	43.2 ± 1.2 a
	0.771 ± 0.004 ab
	47.6 ± 3.1 a
	8.82 ± 0.16 bc
	45.03 ± 1.27 ab
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Table 3. Total chlorophylls (Chlt) and carotenoids (Car) in the cultivar with blue aleurone KM-72-18 (A) and multi-rowed spike KM-94-18 (B) in the developmental phases 65 and 73 BBCH in single vegetation treatments (T1–T6). Means ± SE; n = 10; LSD post hoc test. Different letters differ significantly at p < 0.05.
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2019

	
2020




	
Chlt (mg m−2)

	
Car (mg m−2)

	
Chlt (mg m−2)

	
Car (mg m−2)




	
65 BBCH

	
73BBCH

	
65 BBCH

	
73BBCH

	
65 BBCH

	
73BBCH

	
65 BBCH

	
73BBCH






	
A

	
T1

	
333.1 ± 15.9 b

	
156.7 ± 13.4 b

	
51.4 ± 2.4 ab

	
31.7 ± 2.9 a

	
363.0 ± 15.7 a

	
206.2 ± 5.9 a

	
63.9 ± 2.4 a

	
32.8 ± 0.7 a




	
T2

	
350.6 ± 10.5 ab

	
181.4 ± 23.0 ab

	
54.5 ± 1.5 a

	
30.3 ± 3.9 a

	
341.4 ± 13.6 a

	
184.9 ± 7.6 a

	
59.9 ± 2.1 ab

	
28.9 ± 1.4 a




	
T3

	
374.0 ± 13.2 a

	
191.0 ± 28.2 a

	
56.2 ± 1.8 a

	
34.5 ± 4.5 a

	
335.6 ± 15.3 ab

	
193.3 ± 12.1 a

	
59.4 ± 2.0 ab

	
29.5 ± 2.1 a




	
T4

	
353.7 ± 9.9 a

	
128.2 ± 21.6 bc

	
53.1 ± 1.4 ab

	
25.1 ± 3.4 b

	
309.2 ± 12.8 b

	
208.5 ± 5.6 a

	
54.9 ± 1.6 b

	
32.9 ± 0.8 a




	
T5

	
325.9 ± 14.2 b

	
164.0 ± 22.6 ab

	
49.2 ± 2.0 b

	
28.4 ± 4.1 ab

	
342.5 ± 15.6 a

	
210.8 ± 6.8 a

	
60.7 ± 2.4 ab

	
33.2 ± 0.9 a




	
T6

	
338.4 ± 13.8 ab

	
111.7 ± 12.4 c

	
51.1 ± 1.8 ab

	
20.4 ± 2.4 b

	
320.6 ± 12.5 b

	
203.0 ± 8.1 a

	
54.8 ± 3.3 b

	
31.3 ± 1.4 a




	
B

	
T1

	
332.7 ± 12.0 a

	
137.6 ± 21.0 c

	
55.4 ± 1.6 a

	
26.8 ± 3.6 bc

	
310.6 ± 8.2 a

	
200.8 ± 6.3 a

	
54.8 ± 1.7 a

	
31.4 ± 1.0 a




	
T2

	
282.4 ± 8.8 b

	
160.9 ± 19.6 b

	
44.5 ± 1.7 c

	
29.1 ± 3.5 bc

	
305.4 ± 8.3 a

	
204.8 ± 2.9 a

	
53.7 ± 1.3 a

	
31.7 ± 0.5 a




	
T3

	
306.8 ± 12.4 ab

	
140.5 ± 16.1 c

	
51.8 ± 1.9 ab

	
24.5 ± 2.7 c

	
284.5 ± 6.1 b

	
203.1 ± 3.9 a

	
51.6 ± 1.2 ab

	
31.0 ± 0.6 a




	
T4

	
330.7 ± 8.6 a

	
206.8 ± 19.4 a

	
55.6 ± 1.2 a

	
37.3 ± 2.8 ab

	
326.5 ± 7.1 a

	
198.7 ± 4.2 ab

	
56.9 ± 1.3 a

	
30.6 ± 0.6 a




	
T5

	
325.2 ± 12.6 a

	
184.0 ± 23.4 ab

	
55.9 ± 2.1 a

	
34.7 ± 3.1 ab

	
285.8 ± 14.5 b

	
190.2 ± 4.9 ab

	
48.9 ± 1.8 b

	
30.3 ± 0.8 a




	
T6

	
307.8 ± 17.2 ab

	
217.3 ± 15.8 a

	
50.2 ± 2.5 b

	
39.8 ± 2.6 a

	
310.2 ± 10.8 a

	
183.9 ± 4.4 b

	
54.6 ± 1.9 a

	
29.2 ± 0.7 a




	
A

	
346.0 ± 5.4 a

	
155.5 ± 8.8 a

	
52.6 ± 0.7 a

	
28.4 ± 1.5 b

	
335.4 ± 6.0 a

	
201.1 ± 3.3 a

	
58.9 ± 1.0 a

	
31.4 ± 0.6 a




	
B

	
314.2 ± 5.1 b

	
174.6 ± 8.4 a

	
52.2 ± 0.8 a

	
32.1 ± 1.3 a

	
307.2 ± 4.1 b

	
200.2 ± 4.3 a

	
54.0 ± 0.7 b

	
32.0 ± 0.7 a
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Table 4. Yield and thousand-grain weight (TKW) in cultivar with blue aleurone KM-72-18 (A) and a multi-row spike KM-94-18 (B) in 2019 and 2020 for single treatments of the stand (T1–T6). Means ± SE; n = 3; LSD post hoc test. Different letters are significantly different at p < 0.05.
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Treatments

	
Yield (t ha−1)

	
TKW (g)




	

	
2019

	
2020

	
2019

	
2020






	
A

	
T1

	
9.01 ± 0.19 b

	
9.51 ± 0.15 a

	
47.33 ± 0.38 c

	
48.87 ± 0.41 ab




	
T2

	
9.31 ± 0.27 ab

	
9.41 ± 0.43 a

	
49.00 ± 0.15 ab

	
49.27 ± 1.23 ab




	
T3

	
9.41 ± 0.13 ab

	
9.69 ± 0.24 a

	
49.67 ± 0.24 a

	
50.46 ± 1.09 a




	
T4

	
9.37 ± 0.09 ab

	
9.79 ± 0.05 a

	
48.76 ± 0.43 ab

	
49.63 ± 0.23 ab




	
T5

	
9.64 ± 0.11 a

	
9.67 ± 0.18 a

	
48.53 ± 0.19 b

	
48.00 ± 1.45 b




	
T6

	
9.45 ± 0.09 ab

	
8.83 ± 0.09 b

	
47.67 ± 0.49 bc

	
49.63 ± 0.78 ab




	
B

	
T1

	
7.67 ± 0.25 a

	
8.65 ± 0.27 b

	
37.50 ± 0.40 c

	
43.20 ± 0.42 a




	
T2

	
8.02 ± 0.34 a

	
9.56 ± 0.15 a

	
38.20 ± 0.06 bc

	
43.97 ± 0.55 a




	
T3

	
7.91 ± 0.42 a

	
9.58 ± 0.12 a

	
38.63 ± 0.30 ab

	
43.30 ± 0.35 a




	
T4

	
7.98 ± 0.26 a

	
9.42 ± 0.20 a

	
39.3 ± 0.35 a

	
43.90 ± 0.31 a




	
T5

	
7.95 ± 0.37 a

	
9.42 ± 0.03 a

	
38.57 ± 0.23 ab

	
43.71 ± 0.44 a




	
T6

	
8.09 ± 0.32 a

	
8.89 ± 0.04 b

	
38.73 ± 0.30 ab

	
44.32 ± 0.33 a
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