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Field experiments were carried out at the Experimental Station of Vytautas Magnus University (54°52' N, 23°49’ E) in Lithuania.
Winter wheat was grown on the background of NisoPsoKeo mineral fertilization and was additionally foliar-fertilized with different
concentrations of amino acid solutions (0.5-3.0%) at stem elongation and heading stages. The study was aimed to establish protein
content as well as quantitative and qualitative distribution of amino acids in winter wheat grain as influenced by fertilization with
different concentrations of amino acids.

Experimental evidence showed that solutions with different concentrations of amino acids applied at winter wheat stem elongation and
heading stages increased grain protein content and total amino acids contents. Plants, fertilized with amino acids solutions at stem
elongation stage accumulated higher protein content by on average 4.8%, at heading stage by 4.5% compared with the grain protein
content of plants that had not received amino acids fertilization. The total amino acids content in winter wheat grain in response to
amino acids applied at stem elongation stage increased by on average 2.0 g kg, at heading stage by 5.3 g kg™. Nonessential and
essential amino acids content in winter wheat grain was significantly increased by 2.5 and 3.0% amino acids solutions, applied at stem
elongation stage by and 0.5, 1.0, 1.5% amino acids solutions applied at heading stage. Winter wheat fertilization with amino acids
solutions at stem elongation stage mostly increased the content of glutamic acid, at heading stage mostly increased the contents of
glutamic, aspartic, valine, isoleucine, leucine, phenylalanine, methionine, threonine and lysine acids.
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INTRODUCTION

Winter wheat is the most common cereal crop cultivated in World. Agronomic practices encompassing the use of
promising cultivars, foliar fertilization with biostimulants, such as humic acid and amino acids, as well as nitrogen
fertilizer levels have a profound effect on wheat crop growth, grain yield and chemical composition, especially under
unfavorable for plant growth and development environmental conditions (Shewry, 2007; Kandil et al., 2016).

Amino acids are considered as precursors and constituents of proteins (Shewry, 2007), which are important for
stimulation of cell growth and root system (De Lucia, Vecchietti, 2012; Du Jardin, 2015). They contain both acid and basic
groups and act as buffers, which help to maintain a favourable pH value within the plant cell (Tegeder and Rentsch, 2010).
Moreover, amino acids are well known biostimulants which exert positive effects on plant growth, yield and significantly
mitigate the damage caused by abiotic stresses (Azimi et al., 2013; Calvo et al., 2014). Amino acids are a good source of
nitrogen, once these are quickly incorporated into the plant metabolism (Mendes et al., 2016). Amino acids induce yield
increases and enhanced crop quality increasing plant tolerance to and recovery from abiotic stresses, facilitating nutrient
assimilation, translocation and use enhancing quality attributes of produce (Liang et al., 2013; Calvo et al., 2014), promoting
the processes of plant respiration, photosynthesis and protein synthesis (Sadak et al., 2015). Amino acids are further used for
the synthesis of enzymes and proteins mainly involved in building up plant architecture and the different components of the
photosynthetic machinery (Calvo et al., 2014). Plants foliar spraying with amino acids rapidly changing nutrients deficiencies
due to its being readily absorbed and directly utilized to synthesis proteins (Kandil et al., 2016).

Grain proteins contain a rather high proportion of amino acids, mostly glutamic acid and proline, which are found in
gluten composition. Amino acids composition determines not only grain nutritional qualities but also physical and functional
protein characteristics (Tegeder and Rentsch, 2010; Penas et al., 2013 Le et al., 2016;). Biological protein value is determined
by amino acids composition and essential amino acids ratio to other amino acids. Most often protein needs of a human body
are met by the protein standard — essential amino acids which account for 31.4% of the total amino acids content (Friedman,
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1996). Animals, including humans, can only produce about half of the 20 common amino acids needed for life; the rest —
known as essential amino acids — must be obtained via diet (Zhu et al., 2010; Le et al., 2016; Wang et al., 2017). The limited
Lysine and Methionine contents reduce the nutritional values of these crop plants to 50-75%, compared to those of a diet
possessing balanced levels of essential amino acids. This limitation in essential amino acids can lead to nonspecific signs of
protein deficiencies in humans, such as lowered resistance to diseases, decreased blood proteins and retarded mental and
physical development in young children (Zhu et al., 2010; Galili and Amir, 2013; Le et al., 2016).

Grain protein generally lacks in essential amino acids, while other amino acids are present in excess. This reduces the
nutritional value of grain (Khan et al., 2014). Despite the knowledge about the positive effect of amino acid application on
plants, most of the studies were carried out with products composed of a set of amino acids, and there is little information
regarding the isolated effect of these amino acids on plants and amino acids content in grain (Colla et al., 2015). The
study was aimed to establish protein content and quantitative and qualitative distribution of amino acids in winter wheat
grain as influenced by foliar fertilization with different concentrations of amino acids.

MATERIALS AND METHODS

Field place and conditions. A field experiment with a winter wheat cultivar “Sirvinta 1> was set up at Vytautas
Magnus University’s Experimental Station (54°52' N, 23°49’ E) in Lithuania. The experiment was conducted in three
consecutive years on a medium textured Cal(ca)ri-Epihypogleyic Luvisol (IUSS-WRB, 2014) with a pHkc of 6.8-7.5,
phosphorus (P20s) content of 255-355 mg kg soil, potassium (K,O) content of 130-152 mg kg™* soil and a total nitrogen
(N) content of 0.12-0.14%. The two-factor experiment plots were arranged in a randomized block design with four
replications. Factor A is concentration of amino acids; Factor B is fertilization timing.

Experimental design. The winter wheat background fertilization: granulated superphosphate (Py) and potassium
chloride (Kgo) were applied in the autumn, before sowing; urea (Ng) was applied in the spring after the winter wheat
resumption of vegetation (BBCH 22-24). Additionally, the winter wheat was foliar fertilized with liquid amide nitrogen (N-
NH: — 18.5%) fertilizer N3o at the stem elongation stage (BBCH 32-35), Ny at the heading stage (BBCH 51-56). Fertilizer
treatments : 1) control-without amino acids, 2) 0.5% concentrations of amino acids, 3) 1.0% concentrations of amino acids,
4) 1.5% concentrations of amino acids, 5) 2.0% concentrations of amino acids, 6) 2.5% concentrations of amino acids, 7)
3.0% concentrations of amino acids. 2-7 Amino acids were foliar at the stem elongation stage (BBCH 32-35) and at the
heading stage (BBCH 51-56). The content of free amino acids in the product is 22%. The qualitative composition of amino
acids present in the fertilizer (g kg): aspartic (40.7), threonine (21.51), serine (60.91), glutamic (37.78), glycine (35.49),
alanine (24.60), valine (28.68), methionine (4.10), isoleucine (18.24), leucine (40.56), tyrosine (1.83), phenylalanine (25.38),
histidine (1.63), lysine (2.77) and arginine (33.27). The total volume of solution was 200 | ha™™.

Experimental and analytical methods. The soil pHkci was measured in 1N KCI extraction using a potentiometric
method, organic carbon (C) by a Tyurin method, available phosphorus (P2Os) and potassium (K2O) by an Egner-Riehm-
Domingo (A-L) method, mineral nitrogen (Nmin) by 1IN KCI extraction, total nitrogen was measured by a Kjeldahl
method. Protein content (%) of grains was calculated by multiplying nitrogen content determined by a Kjeldahl method
by a coefficient of 5.7 (ISO 712:1998). Amino acids were separated by an ion exchange chromatography and were
detected photometrically at a 570 nm wave length range using ninhydrin reagent in the reaction.

Statistical analysis. All experimental data were processed by an analysis of variance (ANOVA). Correlation
coefficients and relationships between the indicators tested were determined using the software STATISTICA 7 (Hill,
Levicki, 2005). The symbols * and letters used in this paper represent statistically significant differences at 95%
probability level (P<0.05). The extreme point was calculated according to the formula: y= -b/2c (Hill, Levicki, 2005).

RESULTS AND DISCUSSION

Protein content in grain determines wheat nutritional value and technological characteristics; therefore it is one of
the key grain quality indicators (Nuttall et al., 2017). The data showed a positive effect of additional foliar fertilizing with
amino acids on protein content in the winter wheat grain at all growth stages investigated (Table 1). The positive effect
of higher amino acids concentrations (1.5-3.0%) stood out at stem elongation stage. These concentrations increased grain
protein content by 0.6 to 0.8 percentage points.

Table 1. The effect of amino acids applied at winter wheat on grain protein (%) content

Concentration Fertilization timing (factor B)

of amino acids % Stem elongation stage Heading stage

(factor A) BBCH 32-35 BBCH 51-56
Control (without amino acids) 13.0a 13.2a
Amino acids 0.5% 13.5ab 14.0bc
Amino acids 1.0% 13.4a 14.0bc
Amino acids 1.5% 13.6b 14.1c
Amino acids 2.0% 13.8b 13.8b
Amino acids 2.5% 13.8b 13.5ab
Amino acids 3.0% 13.6b 13.6b

Note. Values followed by the same letters are not significantly different (P > 0.05)
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The correlation regression data analysis suggested that the relationship between grain protein content and amino acids
concentrations in fertilizer at stem elongation stage was best reflected by the linear regression equation y; = 13.2464 + 0.1859x.
The data evidenced that having foliar applied amino acids solution at winter wheat heading stage the grain accumulated the
highest amino acids contents, which were by on average 2.7% higher compared with the treatments applied with the same
fertilizers at stem elongation stage (Table 2). A significant increase in amino acids content in wheat grain was recorded having
fertilized at heading stage with 0.5, 1.0, 1.5 and 3.0% concentrations of amino acids solution, compared with the control. The
highest amino acids content (134.1 g kg™) at this stage was accumulated by winter wheat fertilized with the lowest (0.5%) amino
acids concentration solution. Itis likely that the lowest amino acids concentrations had the least effect on the imbalance of amino
acids present in plant proteins, and therefore the highest amino acids content was accumulated in grain, since the period from
fertilizer application until grain maturity was shorter, compared with the application at stem elongation stage. The correlation
regression analysis of the experimental data revealed a significant (P<0.05) and strong (r = 0.78*) linear correlation y=121.5418
+ 2.1346x between the total amino acids content in grain and amino acids concentration in fertilizer (BBCH 32-35).
Foliar spraying with amino acids rapidly corrects nutrients deficiencies due to its being readily absorbed and
directly utilized to synthesis proteins (Kandil et al., 2016). Popko and colleagues (2018) reported too, that amino acids
had shown a positive effect on winter wheat yield and protein content in grains.

Table 2. The effect of amino acids applied at winter wheat on the total amount of amino acids (g kg™) in winter wheat grain

Concentration Fertilization timing (factor B)
of amino acids % Stem elongation stage Heading stage
(factor A) BBCH 32-35 BBCH 51-56
Control (without amino acids) 123.0a 123.1a
Amino acids 0.5% 121.0a 134.1c
Amino acids 1.0% 124.2a 130.6bc
Amino acids 1.5% 125.1a 129.7b
Amino acids 2.0% 122.6a 123.4a
Amino acids 2.5% 128.8b 123.9a
Amino acids 3.0% 128.4b 128.9b

Note. Values followed by the same letters are not significantly different (P > 0.05)

The analysis of nonessential amino acids in the winter wheat grain indicated that their content depended on the
concentration of amino acids in the fertilizer when the crop was fertilized at stem elongation stage (Table 3). The
significantly highest contents of amino acids in winter wheat grain were accumulated in the treatments at stem elongation
stage fertilized with 2.5 and 3.0% concentrations of amino acids. The lowest contents of these amino acids were
accumulated in the treatments fertilized with 0.5% amino acids solution. The distribution of data was best described by a
linear regression equation y = 89.7708+1.4707x (r = 0.76*), which showed that with 1.0% increase in amino acids
concentration in the fertilizer, the total amino acids content in winter wheat grain increased by 1.47 g kg™

Solutions of different concentrations of amino acids used at the heading stage also increased the content of
nonessential amino acids in winter wheat grain (Table 3). A significantly higher content of nonessential amino acids was
accumulated in the grain of wheat fertilized at this stage with 0.5, 1.0, 1.5% concentrations of amino acids. The published
data suggests that amino acids are able to stimulate carbon and nitrogen metabolism and therefor nitrogen assimilation
could be increasing (Liang et al., 2013; Calvo et al., 2014).

Table 3. The effect of amino acids applied at winter wheat on the nonessential amino acids amount (g kg) in winter wheat grain

Concentration Fertilization timing (factor B)

of amino acids % Stem elongation stage Heading stage

(factor A) BBCH 32-35 BBCH 51-56
Control (without amino acids) 90.7a 90.7a
Amino acids 0.5% 89.3a 98.6¢
Amino acids 1.0% 91.7ab 95.5bc
Amino acids 1.5% 92.7ab 95.6b
Amino acids 2.0% 90.3a 90.4a
Amino acids 2.5% 94.9b 90.8a
Amino acids 3.0% 94.3b 90.8a

Note. Values followed the same letters are not significantly different (P > 0.05)

A qualitative analysis of nonessential amino acids (Figure 1) revealed that fertilizer with 2.5% amino acids solution
significantly increased the contents of aspartic (0.24 g kg?), glutamic (2.39 g kg), proline (0.61 g kg*), arginine (0.50
g kg?) and alanine (0.22 g kg'?) acids in winter wheat grain, when the crop was fertilized at stem elongation stage. Having
used 3.0% amino acids solution, a significant increase occurred in the contents of glutamic (2.21 g kg') and alanine (0.34
g kg) acids in grain. Glutamic acid (1.73 g kg*) and proline acid (0.61 g kg™*) contents were significantly increased also
by 1.5% concentration of amino acids solution. When amino acids fertilizers had been used at stem elongation stage, very
strong, strong and moderately strong relationships were established between amino acids concentrations in fertilizer and
contents of glutamic, alanine, aspartic and histidine acids in grain (Table 4). The relationship of the above-mentioned
indicators was best represented by the regression equations of the first and second degree. Since glutamic acid is a main
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source for other amino acids synthesis (Taiz and Zeiger, 2010; Ertani et al., 2013; Colla et al., 2015), a correlation
regression analysis was done on the data of glutamic and nonessential amino acids. The distribution of data was best
reflected by the linear regression equation y = 9.065 + 0.9508x, and the relationship was significant and strong (r = 0.89%).

Table 4. Relationship between the concentration of the amino acids in the solution (0.5<x>3.0, %) and nonessential amino acids content
(y, g kg!) in winter wheat grain when foliar applied at stem elongation stage

y Regression equation Correlation coefficient
Glutamic y =41.2877 + 0.8094x1 r=0.84*
Alanine y=4.6503 + 0.1285x> r=0.81%
Aspartic y =5.6646 + 0.0797x3; r=0.69*
Histidine y=4.2003 — 0.2534x4+0.1113x4’ r=0.91*
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Figure 1. The effect of different concentration of amino acids on the content of nonessential amino acids (g kg™) in winter wheat
grain (foliar fertilized at BBCH 32-35 stage)

Analysis of the contents of individual nonessential acids in winter wheat grain revealed that at heading stage the
lowest amino acids concentration (0.5%) had the greatest impact on the content of nonessential amino acids in grain
(Figure 2). Fertilization with the above-mentioned concentrations of amino acids gave an increase in the contents of
aspartic, serine, glutamic, proline, arginine, glycine, histidine, alanine and tyrosine in winter wheat grain. It is noteworthy
that fertilizers with 0.5, 1.0, 1.5 and 3.0% amino acids concentrations applied at heading stage had a particularly positive
effect on glutamic acid content, which increased by 2.21 — 4.29 g kg%, respectively, compared with the control treatment.
The relationship between nonessential amino acids content and glutamic acid content was statistically significantly
described by the linear equation y = 6.4288 + 1.0168x; r = 0.96*.
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Figure 2. The effect of different concentration of amino acids on the content of nonessential amino acids (g kg?) in winter wheat
grain (foliar fertilized at BBCH 51-56 stage)
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The nutritional value of proteins is characterised by the value of essential amino acids (Tegeder and Rentsch, 2010;
Taiz and Zeiger, 2010). The data of our study suggest that the content of essential amino acids accumulated in winter
wheat grain reflected the trends of variation of total and nonessential amino acids contents (Table 5). When winter wheat
had been fertilized at stem elongation stage with 2.5 and 3.0 % amino acids solutions, significantly the highest contents
of essential amino acids in grain were obtained. The lowest amino acids content in grain was established in the plots
fertilized with 0.5% amino acids solution. The correlation regression analysis between amino acids concentrations in
fertilizer and essential amino acids content in grain evidenced that with increasing amino acids concentration in fertilizer
the content of essential amino acids in grain also increases, y = 31.7709 + 0.6639x, (r = 0.80%).

The analysis of data of individual essential amino acids revealed that the use of 2.5% amino acids concentration solution
(foliar fertilized BBCH 32-35 stage) significantly effected on the content of valine, leucine, phenylalanine and methionine in grain
(Figure 3). The highest concentration of amino acids (3.0%) gave the highest increase in the content of threonine, valine, isoleucine,
leucine and phenylalanine in wheat grain. It is likely that the period from fertilization with amino acids to grain formation was
rather long, therefore higher concentrations of amino acids (2.5 and 3.0%) present in fertilizers had a greater impact on the synthesis
of essential amino acids in grain. Strong correlations were found between amino acids concentrations applied at stem elongation
stage and individual essential amino acids: valine (r = 0.76*); leucine (r = 0.80*); phenylalanine (r = 0.74*) in grain.
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Figure 3. The effect of different concentration of amino acids on the content of essential amino acids (g kg) in winter wheat grain
(foliar fertilized at BBCH 32-35 stage)

Solutions of 0.5, 1.0, 1.5, and 3.0% concentrations of amino acids used at heading stage significantly increasing the
content of essential amino acids in grain (Table 5). Analysis of the qualitative composition of essential amino acids in grain
showed that amino acids sprayed on winter wheat leaves at heading stage resulted in the highest essential amino acids contents
in grain, which were by on average 3.9% and 7.2% higher, than sprayed with the same fertilizers at stem elongation stage. It
was also found that the content of essential amino acids in grain depended on glutamic acid content, y = 3.4029 + 0.7045x; r =
0.97*. Analysis of the composition of individual essential amino acids suggested that 0.5% amino acids solution foliar-applied
at heading stage significantly increased valine, isoleucine, leucine, phenylalanine, methionine and lysine contents, while 1.0%
concentration solution increased the contents of valine, isoleucine, leucine,methionine, and lysine in winter wheat grain (Figure
4). The solution with the highest concentration of amino acids (3.0%) significantly increased the contents of leucine and
methionine in grain. Solutions of 0.5 — 1.5% amino acids concentrations foliar-applied at heading stage significantly increased
lysine content in wheat grain and, at the same time, improved the biological value of proteins. In the winter wheat is a little
content of lysine (Shewry, 2007; Millward, 2012; Khan et al., 2014).

Table 5. The effect of liquid amide nitrogen fertilizers containing amino acids applied at winter wheat on the amount (g kg*) of essential
amino acids in winter wheat grain

Concentration Fertilization timing (factor B)

of amino acids % Stem elongation stage Heading stage

(factor A) BBCH 32-35 BBCH 51-56
Control (without amino acids) 32.4a 32.4a
Amino acids 0.5% 31.7a 35.6¢
Amino acids 1.0% 32.5a 35.1b
Amino acids 1.5% 32.4a 34.1bc
Amino acids 2.0% 32.3a 33.1a
Amino acids 2.5% 33.9b 33.1a
Amino acids 3.0% 34.1b 34.1bc

Note. Values followed the same letters are not significantly different (P > 0.05)
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Figure 4. The effect of different concentrations of amino acids on the content of essential amino acids (g kg) in winter wheat grain
(foliar fertilized at BBCH 51-56 stage)

In summary, it can be asserted that winter wheat additional fertilization with liquid fertilizers with amino acids at
stem elongation and heading stages resulted higher protein content in grain. The statistical analysis of the experimental
data (Xexrr.) Shows that in order to produce grain with the highest protein content, it is expedient to fertilize winter wheat
crops with 1.5% concentration of amino acids solution at heading stage.

The positive effect of liquid fertilizers with amino acids was established on the accumulation of both nonessential
and essential amino acids in winter wheat grain. The increase in the nutritional value of proteins was mostly influenced
by application of amino acids at heading stage. Significant increase was determined when fertilizing with the solutions of
amino acids at 0.5, 1.0, 1.5 and 3.0% concentrations.

CONCLUSIONS

Amino acids increased protein and total amino acids contents in winter wheat grain. Plants, fertilized with the
solutions of amino acids at stem elongation stage accumulated on average 4.8% higher protein content, at heading stage
by 4.5% compared with the grain protein content of plants that had not received amino acids fertilization. The total amino
acids content in winter wheat grain in response to amino acids applied at stem elongation stage increased by on average
2.0 g kg?, at heading stage by 5.3 g kg™. Nonessential and essential amino acids content in winter wheat grain was
significantly increased by 2.5 and 3.0% amino acids solutions applied at stem elongation stage; by 0.5, 1.0, 1.5% amino
acids solutions applied at heading stage. Winter wheat fertilization with amino acids solutions at heading stage mostly
increased glutamic, aspartic, valine, isoleucine, leucine, phenylalanine, methionine, threonine and lysine acids content, at
stem elongation stage — glutamic acid content.
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