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Abstract: As plant growth stimulants, Ti and amino acids affect physiological processes of plants,
promoting their vegetative and generative development and improving their yield and its quality.
An experiment was carried out at the Experimental Station of the University of Agriculture in
Krakow on degraded black earth soil formed from loess. Its aim was to determine the effect of
two products, one containing amino acids and the other with Ti, on the Poa pratensis yield and
its quality. Foliar application of amino acids and Ti, used on their own and together, constituted
the main factor of the experiment. It was found that the treatment with both stimulants applied
together significantly affected plant parameters. Compared to control, plants treated with those
growth stimulants produced higher dry matter yields and contained significantly more phosphorus,
potassium, calcium, magnesium, and sodium in dry matter. The highest effect was recorded on plots
where combined application of amino acids and Ti was used. Almost as good results were recorded
when amino acids were applied on their own. Regarding the cuts, higher effects were noted in the
first and second ones than in the third. The growth stimulants used in the present experiment had a
positive effect on the chemical composition of Poa pratensis meadow plants. The results indicated that
the treatment significantly increased macronutrient content, compared to control plants. The most
favourable effects were recorded for plants on the plot with combined application of amino acids
and Ti. Similar results were also obtained on plots where only amino acids were used. Regarding
the harvests, better results were noted in the first and second ones than in the third. In view of
the potential benefits, it would be advisable to extend and update research on the effects of these
stimulants on other common varieties of forage grasses.

Keywords: biostimulants; meadow plants; chemical composition; dry matter yield

1. Introduction

Currently, it is becoming increasingly important to use fertilizers containing ingre-
dients adapted to plant needs, but also to use products called growth stimulants that
affect physiological processes. Often used in very small quantities, such substances are
necessary for the proper course of many biochemical and physiological processes taking
place in plants. Nutrient uptake is mainly done by plant roots, but fertilizers can also be
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applied to leaves, and according to many studies, the latter type of treatment can be used
for stimulant application [1,2]. Substances supplied to leaves are quickly absorbed, with
nutrients readily available to plants. Additionally, foliar application of plant nutrients has
economic benefits, which is why it is becoming increasingly popular [3]. Stimulants can act
directly on plant physiology and metabolism or indirectly by modifying environmental
conditions [4], among others, due to their beneficial effects on the soil microbiological
activity. These products are usually used as an additive to standard fertilizers to improve
nutrient efficiency and product quality [5].

The timing of stimulant application is very important. They should be used at plant
development stages crucial for yield quality and quantity, e.g., during sowing, applied to
the soil, and in the tillering or flowering stages, applied to the leaves. Stimulants are also
recommended as an intervention method to help plants respond to stressful conditions
such as frost, drought, hail, strong wind, and chemical contamination with pesticides. They
can be used before expected stress or during adverse conditions, as well as after stress for
better plant growth [6].

Many studies have reported on the ability of amino acids to reduce abiotic stress and
on their beneficial effect on plant growth and yield [7]. The importance of amino acids is
due to their role in the biosynthesis of many different organic compounds [8]. According
to Wahba et al. [9], apart from increasing the yield and its quality, they also shorten the
productive cycle. Amino acids are the building blocks of proteins, and Hounsome et al. [10]
confirm that they are involved in the growth and development of plants. In addition,
they are part of enzymes, nucleic acids, antioxidants, and other secondary compounds.
However, for the biosynthesis of amino acids, plants require significant energy for nitrogen
uptake and assimilation [11] since nitrate must be reduced to nitrite and then to ammonium,
with the latter being included in the biosynthesis of amino acids [12]. Amino acids are
easily absorbed and moved in plant tissues [2,13].

As growth stimulants, amino acids are mainly used in the cultivation of vegetables
and fodder crops on arable land, but in recent years various biostimulants and similar
products have been developed also to use on grassland [14,15]. Some of such biostimulants
contain amino acids as essential ingredients [16,17].

As a microelement, Ti is also used on crops as a stimulant, which is why it was
also tested in the present experiment. It has a beneficial effect on biochemical processes
occurring in plants, leading to growth acceleration and an increase of their yield [18]. Ti
stimulates the activity of many enzymes, e.g., catalase, peroxidase, lipoxygenase, or nitrate
reductase. In addition, it accelerates metabolic processes, facilitates pollination, fertilization
in flowering plants, and the setting of fruit and seeds. It increases chlorophyll content in
leaves, accelerating their growth and development, and reduces the sensitivity of plants
to adverse environmental conditions, increasing their resistance to fungal and bacterial
diseases. In addition, it has been found that Ti has a beneficial effect on the uptake of
components both from the soil and from fertilizers [19].

The aim of the study was to determine the effect of the combined foliar application
of amino acids and Ti on the dry matter yield and macronutrient content in Poa pratensis
harvested three times a year.

2. Materials and Methods
2.1. Study Site and Soil Analysis

The experiment was carried out at the Prusy Experimental Station (50◦07′ N, 20◦05′ E)
of the University of Agriculture in Krakow, Poland, on the soil classified as Haplic Cher-
nozem. Chemical properties of the soil were as follows: pH KCl—6.8, Ntotal—2.52 g·kg−1,
P—64.23; K—160.47 and Mg—42.51 mg·kg−1 in soil dry matter. In the experiment, the
Struga variety of Poa pratensis was used, registered in the National Register 7 March 2011
by Małopolska Plant Breeding Station in Kraków (Poland).
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2.2. Weather Conditions

Total annual precipitation in 2020 was 605.1 mm, while average total rainfall during
the growing period (April to September) was 385.2 mm (Figure 1). The average annual
temperature was 10.1 ◦C, and for the April-September period it was 16.0 ◦C.
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Figure 1. Rainfall and average air temperature at the Prusy Experimental Station of the Agricultural University of Krakow
in the years 2020.

2.3. Materials and Experimental Design

The experiment was established using randomized blocks with four replications (plots
of 1.5 × 6.67 m2). The following treatment units were included: (1) control plots (with no
treatment) (2) plots sprayed with AGRO-SORB® Folium, containing amino acids, at a dose
of 2 dm3·ha−1, (3) plots sprayed with Tytanit®, containing Ti, at a dose of 0.4 dm3·ha−1,
(4) plots sprayed with both AGRO-SORB® Folium at a dose of 2 dm3·ha−1 and with
Tytanit® at a dose of 0.4 dm3·ha−1. Treatment was carried out three times a year, before
each growth cycle. The first foliar spraying was conducted within 5 days after the start of
the growing season, while the second and third 5–6 days after the first and second harvests.

The spraying liquid was prepared by dissolving the appropriate amounts of amino
acid and Ti products in a volume of water needed for a dose of 300 dm3·ha−1. The
amino acid product used in the experiment was AGRO-SORB® Folium produced by
BIOPHARMACOTECH Ltd. (limited partnership) with its registered office in Częstochowa
(Poland). It is a growth stimulant with biologically active 18 free amino acids (L-alpha)
obtained by enzymatic hydrolysis. In its composition the product contains the following
amino acids (at least 9.3% by weight, 100 g in 1000 mL): aspartic acid 0.450%, serine
0.321%, glutamic acid 1.814%, glycine 2.743%, histidine 0.208%, arginine 0.131%, threonine
0.323%, alanine 0.524%, proline 0.347%, cysteine 0.435%, tyrosine 0.174%, valine 0.551%,
methionine 0.349%, lysine 0.661%, isoleucine 0.308%, leucine 0.180%, phenylalanine 0.218%
and tryptophan 0.05%. In turn, Titanite® contains 8.5 g of Ti in 1 litre of solution. The
product is classified as a mineral growth stimulant (Ministry of Agriculture, decision No.
S-237/11), produced by INTERMAG Ltd. in Olkusz, Poland.
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During the research period, basic mineral fertilizers were also applied: 80 kg N ha−1

before the first growth cycle and 60 kg N ha−1 before the second and third, as 34% N am-
monium nitrate. Phosphorus was used once in the spring in the amount of 34.9 kg P ha−1

in the form of enriched superphosphate of 17.4% P and potassium before the first and
third growth cycle as 49.8% potassium salt of 49.8 kg K ha−1. The grass was harvested at a
height of 6–7 cm, at the earing stage in the first cut and after seven weeks of growth in the
second and third.

In the collected plant material, the chemical composition was determined. Dry matter
content was measured by drying the plant material at a temperature of 105 ◦C. Deter-
mination of the content of minerals, i.e., calcium, magnesium, potassium, sodium, was
performed by atomic absorption spectrometry with atomization in the flame (the FAAS
method, spectrometer Varian AA240FS), according to Polish Standard PN-EN 15505:2009.
In turn, the determination of the total phosphorus content was performed by UV-VIS
spectrophotometry, with an addition of a mixture of ammonium monovanadate (V), ammo-
nium, and heptamolybdate as a coloring reagent, after prior mineralization of the sample
according to Polish Standard PN-ISO 13730:1999.

2.4. Statistical Analysis

The normality of the distribution of the six traits, i.e., the yield of dry matter and
the content of P, K, Ca, Mg, and Na, was verified with Shapiro–Wilk’s normality test to
check whether the analysis of variance (ANOVA) met the assumption that the ANOVA
model residuals followed normal distribution. The homogeneity of variance was tested
using Bartlett’s test. Box’s M test was used to check multivariate normality and homo-
geneity of variance-covariance matrices. All the traits had normal distribution. A two-way
(biostimulant treatment, cut) multivariate analysis of variance (MANOVA) was performed.
Following this, two-way analyses of variance (ANOVA) were performed to verify the null
hypotheses of a lack of biostimulant treatment and cut effects and biostimulant treatment
and cut interaction effect on the six observed traits, independently for each one. The arith-
metic means and standard deviations were calculated. Moreover, Fisher’s least significant
differences (LSDs) were estimated at a significance level of α = 0.05. The relationships be-
tween the yield of dry matter and the content of P, K, Ca, Mg, and Na were estimated using
Pearson’s linear correlation coefficients for (1) each cut, and (2) the annual dry matter yield
and means of content of particular macroelements across the cuts. The results were also
analyzed using multivariate methods. A canonical variance analysis (CVA) was applied
to present a multi-trait assessment of the similarity of the tested biostimulant treatments
in a lower number of dimensions with the least possible loss of information for each cut
separately and for all three cuts jointly. Mahalanobis distance was suggested as a measure
of “polytrait” biostimulant similarity [20], the significance of which was verified by means
of critical value Dα called “the least significant distance” [21]. Mahalanobis distances were
calculated for the biostimulants in each cut and for all three cuts jointly. The GenStat v. 18
statistical software package (VSN International) was used for the analyses.

3. Results

All the observed traits had normal distribution. The results of the MANOVA indicated
that effects of biostimulants (Wilk’s λ = 0.1983; F = 3.78; p < 0.0001) and cuts (Wilk’s
λ = 0.0042; F = 74.32; p < 0.0001) were significantly different regarding all the six quantitative
traits. According to those results, the interaction between biostimulants and cuts was not
significant for macronutrient content (Wilk’s λ = 0.487; F = 0.69; p = 0.905), but it was
significant for the dry matter yield (Table 1). ANOVA indicated that the main effects of
biostimulants and cuts were significant for all examined traits (Table 1).
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Table 1. Mean squares from two-way analysis of variance for six observed traits.

Source of Variation d.f.
Dry

Matter
Yiled

P K Ca Mg Na

Block 3 0.046 0.022 1.450 3.175 0.196 0.0002
Biostimulant 3 1.863 *** 0.099 ** 6.631 *** 2.867 ** 0.299 ** 0.005 *

Cut 2 39.08 *** 1.944 *** 171.8 *** 24.19 *** 7.823 *** 0.155 ***
Biostimulant × cut interaction 6 0.586 ** 0.004 0.238 0.057 0.018 0.0002

Residual 33 0.167 0.016 0.314 0.327 0.033 0.001
* p < 0.05; ** p < 0.01; *** p < 0.001; df—degrees of freedom.

Average of three cuts, the yield collected from control plots, with no biostimulants,
was 12.42 t·ha−1 (Table 2). In turn, the application of the Ti product increased it by 10%.
On the plot where the amino acids were used, an 18% increase in the yield was recorded,
while on the plot where both biostimulants were used, the increase was 22%.

Table 2. Mean values, standard deviations (s.d.), Fisher’s least significant differences (LSD) and homogeneous groups of the
dry matter yield (t·ha−1) of Poa pratensis.

Biostimulant Cut
Control Ti Amino Acids Amino Acids + Ti Average

Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

Control
I 5.48c 0.455 6.202b 0.358 6.225b 0.429 6.889a 0.255 6.199 0.618
II 4.552d 0.391 4.669d 0.248 4.996cd 0.557 4.462d 0.479 4.67 0.4407
III 2.392f 0.454 2.764f 0.348 3.385e 0.368 3.753e 0.284 3.074 0.6379

Average 4.141 1.407 4.545 1.497 4.869 1.284 5.035 1.439

LSD0.05 Biostimulant: 0.328; Cut: 0.284; Biostimulant × Cut interaction: 0.568

a–f—means followed by the same letters are not significantly different.

The studies showed that the use of biostimulants significantly affected the chemical
composition of the Poa pratensis meadow. The weighted average of macronutrient content
ranged from 1.586 to 2.424 g P kg−1 DM; from 10.90 to 18.78 g K kg−1 DM; from 6.098 to
9.622 g Ca kg−1 DM; from 2.024 to 3.726 g Mg kg−1 DM; from 0.289 to 0.518 g Na·kg−1

DM. (Table 3). The biostimulants used on their own had the greatest impact on the
content of phosphorus and magnesium, while combined application resulted in higher
calcium content in the meadow vegetation. Plants treated with combined application of
both stimulants contained, on average, 15% more calcium than control ones. According
to nutritional standards, good quality forage should contain at least 3.0 g P kg−1 DM;
17–20 g K kg−1 DM; 7.0 g Ca kg−1 DM; 2.0 g Mg kg−1 DM and 1.5–2.5 g Na kg−1 DM [22].

The studies also revealed significant correlation between the dry matter yield and
macronutrient content. The yield was positively significantly correlated with the content
of P (0.810), K (0.825) and Na (0.821), and negatively with the content of Ca (−0.496)
and Mg (−0.680). The annual dry matter yield was correlated with the mean content of
P (0.563), K (0.778), Ca (0.669) and Mg (0.741).

Figure 2 shows the variability of the dry matter yield and content of six macroelements
of the control and three biostimulant treatments in terms of the first two canonical variables.
In the graph, the coordinates of the point for particular biostimulant treatments are the
values for the first and second canonical variables, respectively. The first two canonical
variables accounted for from 97.47% (cut II) to 99.98% (all three cuts) of the total multivariate
variability between the individual biostimulants.
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Table 3. Mean values, standard deviations (s.d.), Fisher’s least significant differences (LSD) and homogeneous groups of the
macronutrient content (g·kg−1 DM) of Poa pratensis.

Trait P K Ca Mg Na

Factor Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

Control 1.784c 0.337 12.85c 2.737 7.437b 1.215 2.77c 0.6003 0.352b 0.0897

Titanium 1.867bc 0.2937 13.39b 2.73 7.74b 1.076 2.939b 0.5948 0.369ab 0.0862
Amino acids 1.955ab 0.3151 13.86b 2.754 7.997ab 1.369 3.05ab 0.6135 0.387a 0.0883

Amino acids + Titanium 1.986a 0.3331 14.6a 3.187 8.589a 1.318 3.136a 0.702 0.3961a 0.0958

LSD0.05 0.107 0.524 0.617 0.178 0.029

Cut Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.

I 2.299a 0.1622 17.45a 1.0668 6.533b 0.4528 2.173c 0.1246 0.4889a 0.0498
II 1.728b 0.1428 11.92b 0.8992 8.808a 1.0599 3.466a 0.3443 0.3321b 0.0318
III 1.667b 0.1209 11.65b 0.6602 8.481a 0.7745 3.282b 0.2094 0.3071b 0.0223

LSD0.05 0.093 0.454 0.534 0.154 0.025

a–c—In columns, means followed by the same letters are not significantly different.
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The greatest variation in terms of all the traits, based on the measured Mahalanobis
distances, for cut I was found for control and amino acids + Ti (the Mahalanobis distance
between them amounted to 6.740). The greatest similarity for cut I was found for amino
acids and Ti (2.489) (Table 4, Figure 2). For cut II, the Mahalanobis distances ranged from
1.179 (between Ti and control) to 2.988 (between control and amino acids + Ti) (Table 4,
Figure 2).

In cut III the greatest similarity (1.944) was observed between the effects of amino
acids and amino acids + Ti, but the largest distance (8.594) between control and amino
acids + Ti (Table 4, Figure 2). For all three cuts jointly the Mahalanobis distance ranged
from 2.175 (between amino acids and amino acids + Ti) to 11.491 (between control and
amino acids + Ti).
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Table 4. The values of the Mahalanobis distances for all pairs of biostimulant treatments in cut I, cut
II, cut III, and all three cuts jointly.

Biostimulant Cut Control Ti Amino Acids Amino Acids + Ti

Cut I

Control 0 2.957 5.017 6.74

Ti
Cut II

1.179 0 2.489 4.293
Amino acids 2.502 1.604 0 3.021

Amino acids + Ti 2.988 2.024 1.646 0

All three cuts jointly

Control 0 3.243 6.654 8.594

Ti
Cut III

5.337 0 3.457 5.395
Amino acids 9.643 4.313 0 1.994

Amino acids + Ti 11.491 6.241 2.175 0

4. Discussion

Products containing amino acids are used as stimulants mainly on fruit crops, but
research results [23–25] indicate that this method is also effective on forage grasses [26,27].
Application of amino acids to agricultural and horticultural crops increases the yield.
Studies on soybean (Glycine max) conducted by Saeed et al. [28] showed that they positively
improved the parameters of shoot growth and fresh weight, as well as the seed yield.
Ahmed et al. [29] found that they significantly increased plant height, stem diameter, and
the yield of fresh and dry matter of roselle (Hibiscus sabdariffa) leaves. Moreover, their
beneficial effect on potato (Solanum tuberosum) was also reported, increasing plant height,
vegetative growth and dry matter yields [23]. According to Koukounaras et al. [30], foliar
use of amino acid mixtures increased the productivity of tomato (Solanum lycopersicum),
and, according to Sadak et al. [24], the same treatment increased the content of dry matter,
chlorophylls, carbohydrates and polysaccharides in broad bean (Vicia faba). Amino acids
can affect the content of other compounds in plants. Amin et al. [31] found that the use
of glutamine on onion (Allium cepa) increased the total content of amino acids, but also of
soluble sugars and phenolic compounds. In contrast, Santi et al. [32] reported that amino
acids increased the transcription of genes involved in the transport of nitrates, ammonium,
phosphates, magnesium, and iron. According to Wang et al. [33], leaves sprayed with
amino acid liquid fertilizer and liquid biological fertilizer (amino acid liquid fertilizer
mixed with Bacillus amyloliquefaciens SQR9) increased cowpea (Vigna unguiculata) yields,
compared to control.

In the present studies, the amino acid product increased, compared to control, the
content of phosphorus, potassium, calcium, magnesium, and sodium in Poa pratensis
absolutely dry matter. Studies by Abo Sedera et al. [34] showed that under the influence of
amino acid preparations the content of nitrogen, phosphorus and potassium in strawberry
(Fragaria ananassa) leaves increased significantly, compared to control. In contrast, studies
by Shehata et al. [35] and El-Din et al. [36] comparing the effects of different levels of amino
acids showed no significant differences in K content. Sadak et al. [24] studied the effects of
amino acids on salinity tolerance and found that they significantly improved the K+:Na+
ratio in leaf tissues. At the same time, the content of N, P, K, Mg, and Ca in leaves increased
and sodium concentration significantly decreased. In effect, when K+ content increased
and Na + content decreased, salinity tolerance increased.

In turn, the exact mechanisms triggered by the other biostimulant, i.e., Ti, are difficult
to determine, also because this chemical element can improve the health of plants, but
they can grow and develop well without it [37,38]. Several hypothetical theories about
the mechanism of Ti action in plants have been proposed in the literature. Some theories
suggest that the biological effects of Ti are based on inducing the plant’s defence mechanism
against Ti; a low dose of this element strengthens defence mechanisms, while high (toxic)
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amounts inhibit them [19,37,39]. Based on their own experimental data and on studies by
other authors, Carvajal and Alcaraz [19] hypothesize that the effects of Ti are based on
Fe activity. Clarkson and Hanson [40] showed an increase in Fe2+ content in leaves, fruit,
chloroplasts and chromoplasts after foliar application of Ti (IV) ascorbate. Taking this into
account, Carvajal and Alcaraz [19] hold that in plants Fe2+ is a metabolically active form of
Fe and a mobile fraction [41].

The latest theory proposed by Lyu et al. [38] assumes that the beneficial role of Ti in
plants lies mainly in interactions with other nutrients, especially Fe. This hypothesis was
extended by those authors with the conclusion that Ti and Fe can form both synergistic
and antagonistic compounds. When plants lack Fe, Ti can induce the expression of genes
associated with the metabolism of Fe, i.e., increasing its uptake and retention, which
consequently leads to improved plant growth as plants may have proteins capable of
specific or nonspecific binding to Ti. When the Ti content of plant tissues is high, Ti can
compete with Fe for ligands or proteins. The phenomenon of competition can be dangerous
for plants due to the high level of Ti toxicity [38,42].

According to Rouphael et al. [43], the higher productivity of plants treated with
biostimulants is primarily attributed to greater nutrient absorption, osmotic regulation, and
increased content of many secondary metabolites. The above findings can be summarized
by the conclusions of studies conducted by Zhang and Schimidt [44], who found that
positive physiological effects can be achieved using small doses of biostimulants, resulting
in higher yields with better quality, and—ultimately—higher incomes for farmers.

The present research shows that natural biostimulants are an effective tool to be used
in the management of grassland to stimulate plant growth and productivity. Their use in
conditions of unpredictable climatic changes constitutes a sustainable and environmentally
friendly agronomic practice. However, what is needed is continuous development and
expansion of knowledge about their effects and the reaction of specific crops to such
biostimulants. The results of the research indicate not only a significant increase in the dry
matter yield, but also a modification of the chemical composition of Poa pratensis meadow
plants, compared to control. The results indicate that the use of each biostimulant increased
the Poa pratensis dry matter yield, but better results were recorded after using both together.
Additionally, the products significantly affected the concentration of macronutrients in
plants. Statistical methods as Mahalanobis distances and correlation analysis are often
applied in agriculture [45–47].

It should be emphasized that despite the diversity of studies reported in the literature,
their results and hypotheses indicate an incomplete understanding of the mechanism of
biostimulant action, especially Ti. All the theories presented above have both strengths
and weaknesses. For this reason, more research is needed to determine the mechanism of
Ti action.

5. Conclusions

The growth stimulants used in the present experiment had a positive effect on the
chemical composition of Poa pratensis meadow plants. The results indicated that the
treatment significantly increased macronutrient content, compared to control plants. The
most favourable effects were recorded for plants on the plot with combined application of
amino acids and Ti. Similar results were also obtained on plots where only amino acids were
used. Regarding the harvests, better results were noted in the first and second ones than
in the third. In view of the potential benefits, it would be advisable to extend and update
research on the effects of these stimulants on other common varieties of forage grasses.
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